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ÆSTRACT
/In exp « r i  ament a l in v e s t ig a tio n  was ca rrie d  out to determine the 
e ffe c tive n e ss  o f moulding pressure w ith  and w ithou t concurrent v ib ra ­
t io n  in  increas ing  the compressive s tre n g th  o f concrete having a range 
o f water-cemcnt ra t io s  from 0.35 to  0.50. Three by s ix  inch te s t  
cy lin d e rs  were cast under moulding pressures o f 1,000 and 3,000 p . s . i .  
and te s te d  in  compression a t the 7 and 23 day ages.
I t  was found th a t moulding concrete under pressure could s ig ­
n i f ic a n t ly  increase i t s  compressive s tre n g th , e s p e c ia lly  at the 
h igh e r water-cement ra t io s .  For example, a t a water-cement ra t io  o f
0.50 the mean percentage increase in  compressive s tre n g th  a t the 
28 day age was 31/^ f o r  a moulding pressure o f 1,000 p . s ; i .  and 51/a 
fo r  a moulding pressure o f 3,000 p . s . i .  whereas, f o r  the lowest w ater- 
■ cement r a t io  (0 .3 5 ) , o n ly  the h ighe r moulding pressure produced in ­
creased strengths over the standard moulded specimens. Concurrent 
v ib ra t io n  under pressure was not found to  in flu e n ce  s ig n i f ic a n t ly  the 
e ffec tive ness  o f moulding pressure in  increas ing  the  compressive 
s treng th  o f concrete.
A supplemeiitary programme was conducted to  study the e ffe c t  o f 
pressure du ra tio n  on s tre n g th  in  which specimens having a w ater- 
cement ra t io  o f 0.40 were he ld under a moulding pressure o f 3,000 
p . s . i .  f o r  periods o f 15 seconds, 1 m inute, 1 l / 2  m inutes, 2 minutes 
and 5 m inutes. Maximum s tro n ,;th  increases (30%) were produced at ?, 
pressure d u ra tio n  o f 1 l / 2  m inutes.
I l l
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I .  INTRODUCTION
In  recent years, considerable research in te re s t in  the app lica ­
t io n  o f pi-ecast and prestressed concrete has focused a tte n tio n  on 
the problems invo lved  in  producing concrete o f both a high u ltim a te  
s treng th  and a h igh s tre n g th  a t e a r ly  ages.
The p roduction  o f p o rt] and cement concrete having a compressive 
s treng th  c o n s is te n t ly  above 7,500 p . s . i .  a f te r  28 days moist curing  
requires c a re fu l s e le c tio n  o f 1 . m a te ria ls , 2. mio: p roportions and
3. ra.jd.ng, p la c in g , co n so lid a tin g  and cu ring  procedures. The most 
im portant s ing le  fa c to r  a ffe c t in g  the p ro d u c ib i l i ty  o f h igh compi-es- 
sive s treng th  concrete is  the achievement o f an adequately low w ater- 
cement r a t io .  I t  has been found th a t w ith  norm ally  ava ila b le  strong 
aggregates, v i r t u a l l y  any coirmercial po rtland  cement meeting cu rren t 
s p e c if ic a tio n s  can be used to  produce concrete having a h igh com­
pressive s tre n g th , provided means are a va ila b le  to  compact concrete 
o f the p a r t ic u la r  water-cement ra t io  required to ob ta in  a given 
s tre n g th . The low er the required water-cement r a t io ,  the g re a te r 
w i l l  be the need fo r  sp e c ia l procedures to  ob ta in  e f fe c t iv e  compaction.
V ib ra tio n  and moulding specimens under pressure are techniques 
th a t ’lave been employed to  achieve good compaction.
I t  seems th a t w ith  mixes o f low w o rk a b ility ,  v ib ra t io n  alone 
ceases to  be e ffe c t iv e  and merely shakes the p a r t ic le s  about. To 
overcome th is  d i f f i c u l t y ,  pressure may be applied to  the concrete 
GO as to  cause the p a r t ic le s  to  crtie re ; i t  is  d i f f i c u l t  to  say, 
w ithou t much more data than is  now ava ilab le ,w h ich  mixes vn .ll requ ire
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
both pressure and v ib ra t io n .
The purpose o f th is  experim ental prograraiie was to  eva luate 
the e ffec tivene ss  o f d i f fe re n t  moulding pressures and the in flu e n ce  
o f concurrent v ib ra t io n  in  increas ing  the compressive s tre n g th  of 
concrete fo r  mixes having- water-cement ra t io s  o f 0 .35 , 0 .40 , 0.45 
and 0.50.
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I I .  STRENGTH OF CONCRETE
S trength  is  perhaps the most so u g h t-a fte r p ro p e rty  o f 
m a te r ia ls , and undoubtedly more te s t in g  is  devoted to  the  d e te r­
m ina tion  o f th is  p ro p e rty  than to  any o th e r .25* The question  
o f the o r ig in  and nature o f s tre n g th  o f concrete was considered 
in  1962 a t the second conference on Fundamental Research in  
P la in  C oncrete, and i t  was recognized th a t f a i lu r e  th e o rie s  
based on the  assumption th a t concrete can be considered as 
id e a l,  continuous and is o t ro p ic  are inadequate.20. A tte n t io n  
was d ire c te d  to  those th e o r ie s  which suggested th a t m a tte r 
was composed o f p a r t ic le s ,  he ld  to g e th e r a t c e r ta in  spacings 
by fo rce  f ie ld s ;  i t  was noted th a t a knowledge o f the  kinds 
and numbers o f bonds, and th e i r  s treng th  was e s s e n tia l f o r  an 
understanding o f the nature and o r ig in  o f s tre n g th  o f  concrete 
and fo r  p re d ic tio n s  o f fa i lu r e  mechanisms.
A. O r ig in  and Nature o f S trength  o f Concrete
The va rious types o f bonds may be c la s s if ie d  as:
P rim ary Bonds -
1. Io n ic
2 . Covalent
3 . M e ta l l ic ;  and
Secondary Bonds -
4 . In te rm o le cu la r (van de r Waals)
Io n ic  bonds are the simple bu t v e ry  strong bonds between 
ions whose valences are o f opposite  s ign , i . e . ,  sodium c h lo r id e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Covalent bonds nre formed among atoms o f negative valence, i . e . ,  
noni.ietals, by the sharing  o f valence e le c tron s  by two o r more 
nei,:d'ibouring atoms. M e ta llic  bonds form  among atoms w ith  a small 
p o s it iv e  valence. The atoms give up th e i r  valence e le c tron s  and 
become a t ig h tly -p a c k e d  a rra y  o f p o s it iv e  ions  immersed in  a gas 
o f fre e  e le c tro n s . In te rm o lecu la r o r secondary bonds are produced 
by the magnetic in te ra c t io n  between m olecu les.^5 '
The d is t r ib u t io n  o f fo rces associated w ith  the va rious bond 
spacings i s  represented g ra p h ic a lly  in  f ig u re  1 .^ ^ ' As p a r t ic le s  
get very close to g e th e r, they are re p e lle d  by a ve ry la rge  fo rc e ; 
as the spacing between the p a r t ic le s  increases beyond i t s  e q u i l i ­
brium  va lue , the  re s u lta n t fo rce  is  a t t r a c t io n  which increases 
to  a maximum value and then decreases a s ym p to tica lly  to  zero.
o
SPACING
rxg. 1 - R e la tionsh ip  Between Spacing o f P a rtic le s  and 
Forces Acting  Between Them
4
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25From fig u re  2 i t  can be seen th a t the secondary o r  in te r ­
m olecular bonds have spacings one order o f magnitude g re a te r 
and cohesive fo rces two orders o f magnitude less than covalent 
bonds. E s s e n tia lly , the spacing between two p a r t ic le s  at which 
covalent bonding e x is ts , would have to  be doubled before secon­
dary bonds could be formed and t r ip le d  before cohesive fo rces 
from secondary bonds would become e ffe c t iv e .
According to  P h i l le o ^ ^ ' i f  concrete is  considered to  be a 
m ixture  o f cement paste and aggregate, i t  i s  necessary to  exa­
mine s tren g th  o f the paste, s treng th  o f the concrete and bond 




2 - Comparison o f S trength  and Spacing o f Coval.ent 
and Van Der Waals Bonds
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As cement p a r t ic le s  hydrate , the  c o llo id a l m a te ria l known as gel 
is  formed. The g e l has a p o ro s ity  amounting to  about a q ua rte r 
o f the  to ta l  volume and occupies about tw ice  the volume o f the 
o r ig in a l  cement from  which i t  was formed. The s tre n g th  o f the 
paste must n e ce ssa rily  be derived from  th e  s treng th  o f the g e l 
since the  on ly  o the r co n s titu e n ts  present in  the paste arc un­
hydrated cement p a r t ic le s ,  water, voids and b i t s  o f c ry s ta ll in e  
calcium  hydroxide. The in t r in s ic  s tre n g th  o f  the g e l and i t s  
concen tra tion  must then determine s treng th  o f cement paste.
The spacings between the very sm all p a r t ic le s  o f g e l f a l l  in  the 
category o f van der Waals bonds. However, in  the case o f c la y , 
another m a te ria l e x h ib it in g  secondary bonds, pe ne tra tin g  water 
can disperse the p a r t ic le s .  Since th is  is  not c h a ra c te r is t ic  o f 
the behaviour o f P o rtland  cement paste , i t  must be concluded th a t 
p rim ary bonding must e x is t  between the g e l p a r t ic le s .  C ontrary 
to  th is ,  the tendency o f the g e l towards sh rin k in g  and sw e lling  
w ith  changes i n  m oisture would seem to  in d ic a te  th a t the bonds
are p r im a r ily  secondare/ and ju s t  s u f f ic ie n t  to  m a in ta in  s t a b i l i t y
25.
during  water p e n e tra tio n . Hoivever, P h ille o  "p o in ts  out th a t 
as paste specimens are pu t through a lte rn a te  cycles o f  absorption 
and desorp tion , the surface area decreases as the number o f cycles 
increases due to  a p a r t ia l  la c k  o f  r e v e r s ib i l i t y  in  dimension. 
Since during  desorp tion  the g e l p a r t ic le s  are brought c lose r 
tog e th e r than they have ever been b e fo re , i t  is  poss ib le  th a t 
new bonds na^ y be formed. The fa c t  th a t some o f these bonds
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
remain s tab le  during subsequent w e ttin g  suggests th a t they  maj’’ 
be p rim a ry  bonds. I f  th is  is  t ru e ,  the re  should be an increase 
in  s tre n g th  and i t  is  known th a t idaen specimens o f cement paste 
are d rie d  c a re fu lly  to  avoid c rack in g , s treng th  increases as 
evaporable w ater i s  removed and continues to  increase as some 
o f  the non-evaporable water is  removed.
P h ille o ? ^ ’ in  "Symposium on S tru c tu re  o f Paste and C oncrete", 
has s ta te d , " I f  in c re a s ing  the  s tre n g th  o f g e l i s  s im ply a m a tte r 
o f g e tt in g  the  p a r t ic le s  c lo s e r to g e th e r so th a t  a d d itio n a l bonds 
may form , i t  seems lo g ic a l th a t the re  might be some advantage to  
moulding pastes under pressure. This has been done and w ith  the
7
hoped f o r  r e s u lts . "  C zem in found th a t cohesive s treng th  
could be developed from  quartz , p u lve rized  to  a surface area o f 
20,000 square centim eters pe r gram and moulded under pressure.
or
According to  P h illco^" the  e :{p lanation  apparen tly  l ie s  in  the 
development o f secondary bonds. W ith the  much sm a lle r p a r t ic le  
s ize  in  cement g e l,  i t  is  conceivable th a t bo th  types o f bonds
O d
may be e s ta b lis h e d . Powers" ‘ has s ta ted  "We have no adequate 
th e o ry  about the  s tre n g th  o f  cement g e l . . .  Hovrover, i t  is  un­
l i k e l y  th a t p h y s ic a l fo rces  account f o r  a l l  the s tre n g th  . . .  We 
assume . . .  th a t in te r p a r t ic le  chemical bonds e x is t  th a t cannot be 
severed by the spreading pressure o f w ater. Accord ing ly we assume 
th a t s tre n g th  i s  derived from  the in te r - p a r t ic le  p h ys ica l fo rces 
and chemical bonds, the cherrdcal bonds a ffe c t in g  a r e la t iv e ly  
sm all pad't o f the  c ro ss -se c tio n a l area. A g iven cement ge l 
should be expected to  have a c h a ra c te r is t ic  s tre n g th , b u t the
7
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s tre n g th  o f the s tru c tu re  b u i l t  o f  i t ,  th a t i s ,  the paste as a 
whole should depend on the amount o f g e l in  the space a va ila b le
to  i t  ----- The amount o f space a va ila b le  to  g e l i s  equal to  the
sum o f the volume o f w a te r - f i l le d  space o r ig in a l ly  present p lus  
the space made vacant by the hyd ra tion  o f cement." Feldman 
and Sereda^'^* showed th a t hydrated cement in  powdered form  
achieves the  saxae s treng th  as a norm ally-hydrated paste o f any 
g iven water-ccment r a t io  a f te r  the powder is  compressed to  the 
same d e n s ity  as the normal paste.
I t  has been sta ted th a t the in t r in s ic  s tre n g th  o f the g e l 
and i t s  concen tra tion  must determine s tre ng th  and mechanical 
p ro p e rtie s  o f  cement paste . I t  would appear then th a t when the 
form er is  measured, the la t t e r  could be ca lcu la te d . Hsnsen^*^' 
in  h is  paper in  the Fourth  In te rn a tio n a l Symposium on the Chemi- 
stigy o f Cement, has discussed q u a n t ita t iv e ly ,  the re la t io n s h ip  
between s tre n g th , e la s t ic i t y ,  and creep. The fa c t  th a t these 
re la t io n s ’n ips are o n ly  approximate can be a ttr ib u te d  no t to  a 
wealmesG in  the  theo ry  o f the  s tru c tu re  o f hardened cement paste 
b u t to  the fa c t  th a t they  are no longer v a lid  when aggregate is  
added. The s tre n g th  o f the aggregate w i l l  impose a n a tu ra l 
c o il in g  on the u ltim a te  s treng th  o f the concrete, and as P h ille o ^ ^ ' 
s ta te s , "Each p iece o f aggregate is  a system o f p a r t ic le s  and
bonds o f the ti/pes described above". Since aggregate is  the 
major co n s titu e n t o f concrete, the s tre n g th  o f the paste-aggre­
gate bond w i l l  d ic ta te  fu r th e r  l im ita t io n s  in  s tre n g th  as w i l l  
be discussed la te r .
8
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In  te s tin g  concrete, the e ffe c ts  o f  ge l s tre n g th , ge l 
concen tra tion , degree o f sa tu ra tio n , paste-aggregate bond, 
and aggregate s tre n g th , size aiid g rada tion  are .measured 
s im ultaneously; i t  is  d i f f i c u l t  to ana3.yzs hov; the various 
fa c to rs  in te ra c t as concrete is  loaded.
3 . Factors ^ Iffe c tin g  P o te n tia l Compressive S trength
1. The v/ater-Gerrient Ratio
Mather^^* has s ta te d , "T!ie most im portan t s in g le  
fa c to r  a ffe c t in g  the compressive s treng th  o f concrete is  the 
water-cement ra t io  o f the  cement p a s te ." Although the re la t io n ­
sh ip  was f i î ' s t  estab lished by Abrams, la te r  work has shov/n th a t 
Abrams' curve is  a fa m ily  o f very c losely-spaced curves re la t ir ig  
s treng th  and water-cement r a t io  fo r  d if fe re n t  aggregate-cersnt 
ra t io s  and d if fe re n t  types o f aggregate. And, as C o llin s ^ *  re ­
p o rts , "Completely d if fe re n t  curves e x is t  fo r  d i f fe re n t  cements, 
d if fe re n t  ages o f te s t in g ,  d if fe re n t  curing c o n d itio n s , and 
d if fe re n t  methods o f  te s t in g " .  Optimum high strengths vd .ll be 
obtained a t the  low est poss ib le  water-cemcnt r a t io  which perm its 
f u l l  compaction o f the concrete.
Powers^^" has reported , "The strongest m a te ria ls  ye t made 
w ith  P ortland  cement (which) were neat cement c y lin d e rs , moulded 
under pressure, con ta in ing  about 0.08 grams o f water per gram 
o f cement . . .  (from which) s trengths as high as 40,000 p . s . i .  
were ob ta ined". Powers noted th a t "Voi’y l i t t l e  o f  the cement 
in  these cy lind e rs  cou].d have become hyd ra ted ," and th a t the 
s tre n g th  obtained " is  equal to  the s treng th  o f  n a tu ra l stones 
such as g ra n ite , do lom ite , o r b a s a lt" .  T h e o re t ic a lly , i f  the
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water-cement r a t io  is  less  than 0 .30 , the re  w i l l  be an in s u f f i ­
c ie n t voliuae o f o r ig in a l ly  w a te r - f i l le d  space to  accommodate the  
p o te n t ia l hyd ra tio n  products i f  al3. the cement were to  become 
hydrated. I t  is  a natur;fL consequence o f  th is ,  th a t f o r  concrete 
in  the h igh  s tre ng th  range, the M gher the  s tre n g th , the low er 
the p ro p o rtio n  o f cement th a t can become hydrated, p a rt o f which 
now assumes the ro le  o f  expensive in e r t  aggregate.
F ie ld  compaction experiments made by the  Cement and Concrete 
Associa tion  have shown th a t the  re la t io n  between m oisture  content 
o f the mix and the dr;x dens ity  ob ta inab le  by means o f a g iven 
axüount o f compaction is  s im ila r  to  th a t found by P ro c to r f o r  
s o i l^ '  There is  an optimum m oisture content f o r  compaction 
above o r below which reduced d ry  d e n s itie s  are ob ta ined . Conse­
qu en tly , var;/ing  the amount o f m ixing water a t a f ix e d  w ater- 
cement ra t io  w i l l  lead  to  optimum s tre n g th .
I t  should be noted th a t i n  o rder to  produce a workable 
concrete, f a r  more water is  incorpora ted  in  a concrete mix than 
is  necessary to  hydrate a l l  the cement, and th a t a d d it io n a l water 
is  no t necessary f o r  cu ring  i f  evapora tion  o f the o r ig in a l  m ixing 
water is  prevented. Although the h ighe r the  water-cement r a t io ,
the g re a te r the amount o f water th a t combines w ith  a u n it
31q u a n tity  o f cement, T ro x e ll and Davis^ * have noted th a t  per u n it
o f ]iaste the amount o f combined water is  a.lmost the same fo r  a l l
31.rmxes. As shovni in  fi.gure  3, ' pastes having high water-cement 
ra t io s  con ta in  more uncombined water than those having low  w ater- 
cement ra t io s  and s ince  free  water occupies e f fe c t iv e  pore space.
10
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. the paüte in  lean mixes has a more porous s tru c tu re  than th a t  in  





















-^% CO M B IN ED WATER
40
20 C EM EN T
0
4.25 6.00 8.005.00 10.00
W ATER, gal. per sack
F ig . 3 -  Analysis o f  Concrete M ixtures o f Uniform Consistency 
(slump 3 to  4 in . )
2. Compaction
Tlie v a l id i t y  o f the  water-cement r a t io  law requ ires  
th a t the concrete be fu lle r compacted and does not con ta in  a i r  
vo ids . A ir  trapped in  concrete during the  m ixing process can 
not always be e lirrânated during  p lac ing  and compaction and a 
va ry ing  amount o f a i r  ’. d l l  be l e f t  in  the concrete in  the form  o f 
la rge  pores which may g ive  r is e  to  honeycombing. The exact 
re la t io n  between the s tre n g th  o f  concrete and the  p ro p o rtio n  o f  
a i r  l e f t  by inadequate compaction va ries  according to  the t.'gpe
11
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o f concrete , bu t i t  is  characterised  by a rap id  f a l l i n g - o f f  
in  s treng th  as the p ropo rtion  o f a ir  voids in c re a se s .^ '
C o ll iu s ^ ’ pointed out th a t the ease w ith  which f u l l  comp'ac­
t io n  can be obtained depends on the w o rk a b ility  o f the concrete 
and g e n e ra lly  increases as the water in  the  mi>: is  increased. 
Conversely, an increase in  water-cemant r a t io  re s u lts  in  a de­
crease in  s treng th . Therefore, i f  an i n i t i a l l y  workable con­
c re te  o f f ix e d  p roportions were made vd th  s tead ily -decreas ing  
water-cement ra t io s ,  and the s tre n g th  p lo tte d  against w ater- 
cenasnt r a t io ,  the re s u lt in g  curve would reproduce a ty p ic a l 
curve o f water-cement ra t io  to  s treng th  up to  th e  p o in t where 
the  mix became too dry to  be com plete ly compacted, when the 
s tre n g th  would ra p id ly  f a l l  o f f .  I f ,  when the p o in t o f maximum 
s tre n g th  had been reached, a more e f f ic ie n t  method o f compaction 
had been employed, f o r  example, v ib ra t io n  o r pressure, then the 
water-cement r a t io  could have been fu r th e r  reduced w ithou t 
causing incomplete compaction, and the  p o in t at which the
s treng th  s ta rte d  to  f a l l  o f f  would have been ra ised  fu r th e r  up
6 .
the  curve. These e ffe c ts  are shov/n in  f ig u re  4-
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INSU FFIC IENTLY 
COMPACTED CONCRETE
W A T E R -C E M E N T  RATIO
Fig.  k -  Th« R e la tion  Between S treng th  and Water-Cement 
Ratio o f Concrete
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Entrapped a i r ,  due to  in s u f f ic ie n t  compaction, should be 
c le a r ly  d is tin g u ish e d  from purposely en tra ined  a i r ,  which is  
de fined as a i r  in te n t io n a l ly  incorpora ted  by means o f  a s u i t ­
able agent. The two kinds d i f f e r  in  the magnitude o f the a i r  
bubbles, those o f the en tra ined  a i r  being o f the o rder o f 0.02 
in . ,  w h ile  a cc iden ta l a ir  u s u a lly  forms much la rg e r  bubbles.
Since the t o ta l  volume o f voids in  a g iven volume o f  concrete 
a ffe c ts  the  s tre n g th  o f concrete , i t  fo llo w s  th a t the a ir  
bubbles sliould be as sm all as p oss ib le .
N e v il le ^ ^ ' in d ic a te s  the  need f o r  compaction from a study 
o f the re la t io n  between the degree o f compaction and the re s u lt in g  
s tre n g th . I f  d e ns ity  r a t io  and s treng th  r a t io  represent the  
r a t io  o f  ac tua l d e n s ity  and s tre n g th  o f g iven concrete to  d e n s ity
and s tre n g th  o f the same mix i f  f u l l y  compacted, then the  re la -
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" ig . 5 -  R e la tion  Between S trength  R atio and D ens ity  R atio
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A cciden ta l vo ids in  concrete are in  fa c t  c i th e r  bubbles 
o f entrapped a i r  o r  spaces l e f t  a f te r  excess w ater has been 
removed. According to  N e v ille f^ *  the volume o f the  la t t e r  
depends s o le ly  on the  w ate r-cement ra t io  o f the  m ix, and is  
governed by the g rad ing  o f the f in e s t  p a r t ic le s  in  the  mix.
Voids ;ire more e a s ily  expelled from a w e tte r mix than from  a 
d ry  one and there e x is ts  an optimum water content o f the mi:c 
a t which the  sum o f the volumes o f a i r  bubbles and water space 
w i l l  be a minimum and the  h ighest d e n s ity  r a t io  o f  the concrete 
would be ob ta ined.
3 . C h a ra c te r is tic s  o f the Aggregate
I t  is  noted by Kennedy^'®* th a t "Aggregates used to  
make concrete can in flu e n ce  the compressive s trengths obtained 
under o therw ise comparable c o n d itio n s , bu t such e ffe c ts  are no t 
o r d in a r i ly  a fu n c tio n  o f  the p h ys ica l p ro p e rtie s  o f the aggre­
gate p a r t ic le s  per se since these p ro p e rtie s  are adequately 
c o n tro lle d  by A. S. T. M. S p e c if ic a tio n s  f o r  concrete aggregates". 
Kaplan^^' f o r  example, reported th a t the use o f  d if fe re n t  types 
o f coarse aggregate in  a given concrete m ixture  re s u lte d  in  
v a r ia t io n  in  the  compressive s treng th  o f as much as 29%.
Af^gregatcs in flu e n ce  s tre n g th  o f concrete in  so f a r  as they 
a f fe c t  water requirements and s e t a l im i t  on the s treng th  
a tta in a b le . Fineness modulus o f the combined aggregates, f o r  
example, is  a fu n c tio n  o f the grading o f the f in e  and coarse 
aggregates re s p e c tiv e ly  and the ra t io  o f f in e  to  coarse aggre­
ga te , and ha:-'' a predominant e f fe c t  on the  water requirement and
15
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hence the  s treng th  o f concrete. For a ^ ivcn  type and maximum 
s ize  o f a^gre^ate, there  is  an optimum fineness modulus o f the 
combined aggregates fo r  a g iven m ix which y ie ld s  optimum concrete 
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F ig . 6 -  R e la tion  Between Fineness Modulus, S treng th  
and Water-Cement Ratio
Grading and ma_cimuia size o f any g iven aggregate a lso
a ffe c t s treng th  o n ly  in d ir e c t ly ,  as they in flu e n ce  the water
23requirement fo r  a g iven cons is tency. N e v ille  * in  agreement 
'w ith th is  re p o rts , "Grading is ,  in  the  f i r s t  in s ta n ce , o f
16
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importance o n ly  in  so f a r  as i t  e ffe c ts  w o rk a b ili ty . "  He 
fu r th e r  re p o rts , "As, however, the  development o f s treng th  
corresponding to  a g iven v/atcr-cement r a t io  requ ires  f u l l  
compaction, and th is  can be achieved on ly  vât'n a s u f f ic ie n t ly  
workable m ix, i t  is  necessary to  produce a mix th a t can be 
compacted to  a maximum d e n s ity  w ith  a reasonable amount o f 
work".
Shape and surface te x tu re  o f  aggregate a f fe c t  the water
requirement f o r  a g iven w o rk a b ili ty  and cement content and thus
23in d ir e c t ly  a ffe c t the s tre n g th  o f concrete. N e v ille  has 
suggested th a t p o ss ib ly  a rougher te x tu re  re s u lts  in  a g re a te r 
adhesive fo rce  between the p a r t ic le s  and the cement m a tr ix  and 
lik e w is e , th e  la rg e r  surface area o f angular aggregate means 
th a t a la rg e r  adhesive fo rce  can be developed. The exact ro le  
o f shape and te x tu re  o f aggregate in  the development o f concrete 
s treng th  is  no t c le a r.
Aggregate-cement r a t io ,  according to  N e v ille , is  o n ly  a 
secondary fa c to r  in  s tre n g th  o f concrete b u t i t  has been found 
th a t f o r  a constant water-cement r a t io ,  a leane r mix leads to  a 
h ighe r s tre n g th .^ ' This behaviour is  probab ly associated vd th  
the absorp tion  o f water by the aggregatej a la rg e r  amount o f 
aggregate absorbs a g re a te r q u a n tity  o f w ater, the  e ffe c t iv e  
water-cement r a t io  being thus reduced. Fur-ther evidence o f the 
in flu e n c e  o f aggregate-cement r a t io  on s treng th  is  presented by 
P h ille o ;^ ^ ' " I fn ile  the cracking load in  compression is  a 
fu n c tio n  o f aggregate, the  excess load beyond cracking is  a
17
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fu n c tio n  o f richness o f  m ix. The leaner mixes had a g re a te r 
reserve s tre n g th  .-ifte r cracking  than the r ic h e r  m ixes. This 
e f fe c t  is  a ttr ib u te d  to  aggregate in te r lo c k ; the lea ne r 
mixes having a h igher percentage o f coarse aggregate. Thus, 
in  a d d itio n  to  p rim ary and secondary bonds, there  apparen tly  
i s  a p ra c t ic a l source o f s tre n g th  o f concrete at u lt im a te  
s tre n g th , i f  not a t working s tresses , a t t r ib u ta b le  to  macro­
scopic in te r lo c k " .
As s ta ted  e a r l ie r ,  p hys ica l p ro p e rtie s  o f  aggregate per se 
such as p o ro s ity , p e rm e a b ility , absorp tion , s p e c if ic  g ra v ity ,  
soujidness and o th e r mechanical p ro p e rtie s  cjin in flu e n c e  com­
pressive  s treng ths obtained under otherw ise comparable co n d itio n s  
b u t fu r th e r  d iscuss ion  o f th e ir  re la t io n  to  the  p o te n t ia l com­
press ive  s treng th  o f concrete is  beyond the  scope o f  th is  
th e s is .
S trength  l im i t s ,  se t by aggregate genersl-ly l i e  between
12,000 and 15,000 p . s . i .  and i t  is  l i k e ly  th a t the  s tre n g th  
o f a v a ila b le  aggregates w i l l  always d ic ta te  a c e il in g  on con­
cre te  s tre n g th .
4. Bond Between Paste a id  Aggregate
I t  has been reported-''^* th a t the a c tu a l s tre n g th  o f 
cement paste is  ve ry  much low er than the th e o re t ic a l s tre n g th  
estim ated on the basis o f m olecular cohesion, a id  ca lcu la te d  
from the surface energy o f a s o lid  assumed to  be y e r f e c t ly  
homogeneous; tiiO th e o re t ic a l s tren ;;th  has been estimated to  be 
as iiig r. as 1.5 x  10^ lb s . / in . ^  According to  G r i f f i t h } ^ '  flaw s
13
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lead to  h igh s tress concentra tions in  the .m->tcria?. under load 
so th a t a very high s tress  is  reached in  ve ry  sr.u'dl volumes o f 
the specimen w ith  a consequent m icrosoplc f ra c tu re , w hile  the 
nveri.ge s tress  in  the whole m a te ria l is  com para tive ly lo w ."  
Numerous d is c o n tin u lt io s  — pores, fissurigs and vo ids in  cement 
paste undoubtedly a f fe c t  i t s  s tre n g th , b u t the exact r e la t io n  
is  not c le a r . As N e v ille ^ ^ ’ in d ic a te s , "The voids themselves 
need not act as fla w s , bu t the flaw s may be cracks in  in d iv id u a l 
c ry s ta ls  associated 'with the vo ids o r caused by bad bond. Vfnile 
we do not know the exact mechanism o f rup ture  o f  concrete, t l i is  
is  probably re la ted  to  the bond w ith in  the caaent paste and be­
tween the paste and the aggregate."
3
Alexander, found th a t re s u lts  o f te s ts  a t 7 days in d ica te  
the  s tren g th  o f the bond between cement paste and plane rock 
surfaces is  norm ally  50 to  60/  o f the paste s tre n g th , bu t some 
excep tiona l rocks can g ive much h ighe r o r much lower s tre n g th s . 
Increasing the watoi’-cenient r a t io  w i l l  decrease both the cement- 
aggregate bond s tre n g tli and paste s tre n g th , and i t  has been 
suggested^ '' th a t i f ,  a t a given water-cement r a t io ,  fra c tu re  
occurs at the aggregate-paste bond, th is  mode o f  fa i lu r e  is  not 
l ik o l: - ’- to  c?ia’ige w ith  change in  water-cement r a t io .  At la t e r  
ages, however, the paste i t s e l f  becomes more susceptib le  to  fa i lu re  
than the  aggrcgate-paste bond, and the fa i lu r e  mechanism is  
l ik e . ly  to  change. .Although bond s tre n g th  was found to decrease 
ra p id ly  w ith  increas ing  aggregate s ic e , the re  are l i k e ly  to  be 
s p e c if ic  zones o f wealoiess in  concrete between the paste m a tr ix
19
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and the la i ’gcct aggregate p a r t ic le s  present.
Tests by A lcxa n ie r ''’ ir .d ic a to  th a t a g iven paste develops 
d i l ie re n t  degrees o f bond s tre n g th  at the 7 day age >ath d i f -  
fc re n t,  strong un iform  aggregates and th a t 23 day bond streng th  
is  about 50/  g re a te r than the 7 day s tre ng th .
S trength o f cement paste i s ,  o f course, a fu n c tio n  o f the 
s treng th  performance o f the  d if fe re n t  types o f cement. By 
c o n ti'o llin g  the chemical composition and fineness o f  g rind ing  
o f  cement, the  ra te  o f s tre n g th  development can be co n tro lle d . 
The s i l ic a te s  CoS and C^S arc p r im a r i ly  responsib le  f o r  the 
ra te  o f s treng th  development in  cement; the C3S c o n tr ib u tin g
most to  s treng th  development during  the f i r s t  fo u r weeks and the
CoS from fo u r  weeks onward.^-''• The in flu ence  o f the o the r m ajor 
compounds (C3A and ) on the s treng th  development of cement 
has been less  c le a r ly  e s ta b lish e d .
As N e v ille ^ " 'p o in ts  o u t, "Bond is  due, in  p a r t,  to  tl'.e 
in te r lo c k in g  o f the aggregate and the paste owing to  the sur­
face roughness o f the form er. A rougher surface , such as th a t 
o f crushed p a r t ic le s ,  resu].ts in  a b e tte r  bond. In  a d d itio n , 
bond is  <iffecbcd by o ther p h y s ic a l and chemical p ro p e rtie s  o f 
the  aggregate, re la ted  to  i t s  m in e ra lo lo g ic a l and chemical 
com position, and to  th.e e le c t ro s ta t ic  cond ition  o f the p a r t ic le  
surface . For instance, some chemical bond may e:d.st in  t ’ne 
case o f lim estone aggregates, and at the surface o f polished 
p a r t ic le s  some c a p il la ry  fo rces may develop. However, l i t t l e  is  
kiov.n about these phenomena, and re ly in g  on eoq-'erience is  s t i l l  
necessary in  p re d ic tin g  bond between aggregate and surrounding
20
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cement pas te ".
Evidence o f good bond between paste- ,-md aggregate in  a 
fra c tu re d  specimen inc ludes some p a r t ic le s  o f aggregate being 
com pletely broken as w e ll as o thers p u lle d  out o f th e ir  
'so cke ts*.
Bond fa i lu r e  is  c h a ra c te r is t ic  o f h igh  s tre n g th  concretes 
in  which bond s trengths tend to  be low er than the  te n s ile  
s tre n g th  o f  the cement paste.
5. E ffe c t o f Curing Conditions
As defined by Ne v i l l e , "Curing is  the  name .given to  
procedures used fo r  promoting the h yd ra tio n  o f cement, and con­
s is ts  o f a c o n tro l o f temperature and o f the moisture movement 
from and in to  the concrete. More s p e c if ic a l ly ,  the  ob jec t o f 
cu ring  is  to  keep concrete sa tu ra ted , o r as n e a rly  sa tu ra ted  as 
p o s s ib le , u n t i l  the o r ig in a l  w a te r - f i l le d  space in  the fre sh  
cement paste has been f i l l e d  to  t ’ne des ired  extent by the 
products o f h yd ra tio n  o f cement". Since th e ,hyd ra tion  o f 
cement can take place on ly  in  th e  w a te r - f i l le d  c a p il la r ie s ,  loss  
o f water from  tlie  c a p il la r ie s ,  by evapora tion  must be prevented 
and water lo s t  in te r n a l ly  by s o lf-d e s s ic a tio n  must be replaced 
by water from ou ts ide .
I t  is  now known th a t unhydrated cement is  not necessa rily  
detrim cnta]. to  s treng th  and, in  fa c t ,  among pastes a l l  w ith  a 
ge l'space ra t io  o f 1 .0  those w ith  a h igh e r p ro po rtio n  o f un­
hydrated cement ( i . e .  a low er water-cement r a t io )  have a h ighe r 
s treng th , p o s s ib ly  because in  such pastes the layers o f
21
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on
hydrated paste surrounding the unhydrated gra ins are th inner,-^  
Since the products o f hyd ra tio n  occupy more than tvn.ce the 
volume o f the o r ig in a l s o lid  phase ( i . e .  cement) ;alone, con­
tinued  hyd ra tion  reduces the volume o f the c a p il la r y  system.
As mentioned b e fo re , at water-cement ra t io s  above 0.38 by 
w e igh t, the volume o f the  g e l is  not s u f f ic ie n t  to  f i l l  a l l  the  
space a va ila b le  to  i t  and some o f the c a p il la ry  pores 'w i l l  con­
ta in  excess water from  the mix and others w i l l  be f i l l e d  by 
w ater fiom  ou ts ide . The re la t iv e  volumes o f unhydrated cement,
products o f h yd ra tio n  and c a p il la r y  pores fo r  mixes o f d if fe re n t
27.water-cement ra t io s  are shown in  f ig u re  ?•
The fo rego ing  in d ic a te s  th a t degree o f curing  is  o f priimary 
importance in  developing s tre n g th . Figure 8^^* i l lu s t r a te s  the 
e f fe c t  o f c u rin g . The s o lid  b lack  l in e  shows the compressive 
s treng ths  re s u lt in g  from  continuous moist cu rin g . The dotted 
lin e s  show v;hat happens when m oist cu ring  is  d iscon tinued  a t 
any one o f the standard cu ring  a^es and the specimens then are 
perm itted  to  d ry . I t  w i l l  be noted th a t when curing  is  d iscon­
tin u e d , the re  is  an immediate and s u b s ta n tia l ga in  in  s tren g th  
due to  dr^Ang, bu t the  slope o f the r ig h t  p o rtio n  o f the dotted 
curves in d ic a te s  t l ia t  the ga in  is  temporary. Note th a t fo r  a 
g iven  mix, cement con ten t, and water-cement r a t io ,  the s tren g t;is  
va ry  from 2,400 p . s . i .  to  5,800 p . s . i .  due to  cu ring  on ly . The 
data fo r  f ig u re  3 were obtained under standard (70°F) temperature 
con d itio ns  f o r  casting  and c u rin g . As Kenned.-'p-'^* po in ts  ou t,
"The combination o f cement w ith  w ater is  a chemical process and
22
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i t  is  reasonable to  assume th a t t h e  s p e e d  o f th is  re a c tio n  
w i l l  be f-re a tc r a t h i g h e r  temperatures o f  casting  and c u r in g " . 
Figure 9 - ' ' '  s h o w s  th a t ra is in g  these temperatures to  1 1 5 ° f  
causas a s u b s ta n tia l i n c r e a s e  in  s treng th , and conversely, 
low ering  the temperature to UO°r causes a sharp in d u c tio n  in  
s tre n g th . • Preheating or p recoo ling  o f concrete has a reverse
1 g
e ffe c t as shown in  f ig u re  10.^ * Specimens cas t, sealed and  
maintained f o r  two hours o t 40°F and then subsequently m oist 
cured a t 70°F fo r  a to ta l  o f 28 days showed about a 10 percent 
gain over those cured b y  standard methods. In  c o n tra s t, pre­
heating causes a reduction  in  s treng th  o f about the same magni­
tude.
Although cu ring  vdth water has long been recognized as the 
most s a t is fa c to ry  method, o the r methods c o m m o n ly  employed are 
I'onding o r covering w ith  vfet ea rth  or straw , low and high 
pressure steam curing  and the use o f surface coatings such as 
sodium s i l ic a te ,  aspha ltic  m a te ria ls  and water p roo f paper.
C. Factors /■ ffe c tin r Results o f Strength Tests
1 . Snocine.ns vs. S truc tu res
33I t  is  recognized^ "  th a t te s ts  o f  r e la t iv e ly  sm all 
specimens u n d e r  standard cond itions  are adm itted ly  im perfec t 
measures o f s treng th  o f concrete in  s tru c tu re s , whdch are ex­
posed to  a composite v a r ie ty  o f stresses and o the r cond itions  
a ffe c tin g  s tre n g th . T ro x e ll and D avis^^' have reported th a t
load t e s t s  on s tru c tu re s  and on specimens o f hardened concrete 
from s tru c tu re s  i n d i c a t e  h i g h e r  strengths than those o b t f i i n o d  
from standard specimens; hence standard methods are considered
27
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to  be conserva tive .
Tests o f  specimens prepared and cured under standard condi­
t io n s , w i l l  in d ic a te  the 'p o te n t ia l ’ s tre n g th  o f the concrete and 
check the  adequacy o f mix p ro p o rtio n s . Tests on f i e ld  o r jo b - 
cured specimens w i l l  in d ic a te  the degree to  which s treng th  is  
a ffe c ted  b;/ a c tu a l p la c in g , m oisture and temperature co n d itio n s , 
and when the s tru c tu re  may be pu t in to  s e rv ic e .
In te rp re ta t io n  o f  the  re s u lts  o f s treng th  te s ts  should 
a lso take in to  account the im portan t in flu e n ce  o f the te s t 
cond itions  themselves on the in d ica te d  s t r e n g t h . I n  the 
fo llo w in g  a r t ic le s  o f th is  chapter are discussed the e ffe c t o f 
s ize and shape o f specimen, m oisture content o f specimen, e f fe c t  
o f bearing con d itio n s  and ra te  o f  loa d in g .
2. S ize and Shape o f Specimen
As po in ted  out by N e v i l l e , concrete is  composed o f 
elements o f va ria b le  s tren g th  and i t  is  reasonable to  assume th a t 
the la rg e r  the  volume o f concrete subjected to  s tress the more 
l i k e l y  i t  is  to  con ta in  an element o f  a g iven extreme (low ) 
s tre n g th . For t h is  reason s tre n g th  o f a specimen decreases 
w ith  increase in  s iz e , as does the  v a r ia b i l i t y  i n  s treng th  o f 
nom ina lly  s im ila r  specimens. W ith in  the range o f sizes o f 
specimens normially used, the  e f fe c t  o f s ize  on s tre n g th  is  no t
5.
la rg e . Table 1 "gives fo r  various s izes  o f c y lin d e rs , the re ­
la t iv e  s tren g th  expressed as a percentage o f th a t f o r  a 6 by 
1 2 -in . c y lin d e r.
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Table 1. -  E ffe c t o f Size o f Compression
Specimen on In d ica te d  S trength o f Concrete
Size o f 
C y lin d e r 
( in . )
R e la tive  
Compressive 
S tren g th , %
Size o f 
C y lin d e r 
( in .  )
R e la tive  
Compressive 
S tre n g th , %
2 by 4 109 12 by 24 91
3 by 6 106 18 by 36 86
6 by 12 100 24 by 48 84
8 by l6 96 36 by 72 82
Standai’d c y lin d e rs  arc o f h e ig h t, h equal to  tw ice the 
d iam eter, d, but te s ts  on c y lin d e rs  o f o th e r p ropo rtions  have 
in d ica ted  the  in flu e n ce  o f  the h /d  ra t io  on s tre n g th . The 
genera l p a tte rn  o f  in flu e n ce  o f  h /d  on s tre n g th  i s  shown 
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A comparison o f the s tre n g th  o f cubes and cy lin d e rs  in d ic a te s  
th a t shape, as w e ll as s ize  and p ropo rtions  w i l l  in flue nce  the 
u ltim a te  s tre n g th  o f  a te s t  specimen. The h ighe r cube s tre n g th  
may be due in  p a rt to  the re s tra in in g  e f fe c t  o f the platens o f  the 
te s t in g  machine which extend over the e n t ire  height o f the cube 
bu t leave unaffected  a p a rt o f a te s t  c y lin d e r . According to  
N e v il le , " th e  r a t io  cy lin d e r-s tre n g th /cu b e  s treng th  depends 
p r im a r i ly  on the le v e l o f s tre ng th  o f the concrete and is  h ighe r 
the  h ighe r the s treng th  o f  the concrete. Although the s treng th  
o f  a c y lin d e r  is  approxim ately equal to  th re e -qu a rte rs  the 
s tre n g th  o f a cube, experiments have shown th a t the re  i s  no 
unique re la t io n  between the  s treng ths o f the specimens o f the 
two shapes, p o ss ib ly  because fa c to rs  a ffe c t in g  s tre n g th  may 
in flu e n ce  th e  s tre n g th  o f the two specimens to  a d if fe re n t  
degree.
3 . E ffe c t o f M oisture Content o f Specimens
The s tre n g th  o f  compression te s t  specimens which have 
been allowed to  d ry  is  h igher than th a t o f s im ila r  specimens in  
a sa tura ted  co n d itio n . M i l ls  * suggested th a t the lo ss  o f 
s treng th  due to  w e tting  o f a compression te s t  specimen is  caused 
by the  d i la t io n  o f the cement g e l by absorbed water: the fo rce s
o f cohesion o f  the s o lid  p a r t ic le s  are then decreased. Con­
v e rs e ly , vrtien on d ry ing  the wedge-action o f water ceases, an 
apparent increase in  s treng th  o f the specimen is  recorded, which 
suggests the  v a r ia t io n  in  s tre n g th  due to  d rying may be a re ve r­
s ib le  p h e n o m e n o n . O t h e r  in v e s t ig a to rs ^ ^ ’ have a ttr ib u te d  the
30
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h ig h e r s trengths o f d r ie r  specimens to  1) g re a te r d e ns ity  o f 
d ry  (and th e re fo re  contracted) paste, 2) i n i t i a l  te n s ile  
stresses in  the  paste due to  lo c a liz e d  re s tra in t  o f  p la s t ic  
shrinkage by aggregate and 3) poss ib le  development o f  hydro­
s ta t ic  pressure in  satura ted paste.
Tests by Walker and Bloem^^'have shown th a t w ith  5,000 
lb , / in * ^  concrete, an increase in  compressive s tre n g th  up to  
10 pe r cent may be achieved on thorough d ry in g , b u t i f  the 
d ry in g  pe riod  is  less than 6 hours, the increase is  g e n e ra lly  
le ss  than 5 per cen t.
I t  should be noted th a t the satura ted co n d itio n  has the 
advantage o f being b e tte r  reproduc ib le  than a d ry  co n d itio n  
which inc ludes g re a t ly  vary ing  degrees o f dryness.
4. E ffe c t o f Bearing C onditions
The to p  surface o f a te s t  c y lin d e r is  somewhat rough 
and no t t r u ly  p lane. When tes ted  in  compression under such 
circum stances, s tre ss  concentra tions are in troduced and the 
apparent s treng th  o f  concrete i s  g re a t ly  reduced. N ev ille ^^* 
re p o rts  th a t la ck  o f planeness o f 0.01 in .  can low er the 
s treng th  by one th i r d  and th a t convex end surfaces cause a 
g re a te r reduc tion  than concave ones as they g e n e ra lly  lead to  
h ighe r s tre ss  concen tra tions. Tests by Gonnerman^^* in d ic a te  
the loss in  s tre n g th  is  p a r t ic u la r ly  high in  h ig h -s tre n g th  
concrete.
To insu re  th a t bearing cond itions  w i l l  meet A. S. T. M. 
requirements fo r  compression te s t in g  o f concrete c y lin d e rs ,
31
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capping is  n e a rly  always e s s e n tia l. Moreover, capping w ith  
a su ita b le  m a te r ia l does no t adverse ly a f fe c t  s tre n g th  and 
reduces i t s  s c a tte r  compared w ith  uncapped s p e c i m e n s . T h e  
capping m a te r ia l should have s treng th  and e la s t ic  p ro p e rtie s  
s im ila r  to  those o f the  concrete in  the specimen to  ensure a 
reasonably un ifo rm  d is t r ib u t io n  o f  s tress  over the  cross- 
sec tion  o f the specimen and to  minimize s p l i t t in g .  Although 
many su ita b le  capping m a te ria ls  are a v a ila b le , the  most commonly 
employed is  a molten su lphur m ix tu re .
5. E ffe c t o f Rate o f Loading
The apparent s tre n g th  o f concrete w i l l  be in fluenced  
cons ide rab ly  by the ra te  a t which the specimen is  loaded: the
low er the  ra te  a t which s tress increases, the low er the  recorded 
s tre n g th . According to  N e v i l l e , t h i s  is  probab ly due to  the  
increase in  s t ra in  w ith  time owing to  creep, and when l im i t in g  
s t ra in  is  reached fa i lu r e  takes place la rg e ly  independent o f 
the  value o f the s tress  app lied .
The p ra c t ic a l range o f speed o f  load ing  f o r  most la b o ra to ry  
machines is  between 10 and 100 I b . / in . ^ / S . ; w ith in  th is  range 
s tre n g th  va ries  between 97 and 103 per cent o f the s tre n g th  at 
30 l b . / i n . ^  'S. which is  near the 33: I b . / in . ^ /S .  prescribed by 
A. S. T. H. Standards. Although the e f fe c t  o f ra te  o f load ing  
is  no t la rg e , i f  te s t  re s u lts  are to  be comparable, s tre ss  
must be app lied  a t a standardized ra te .
32
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I I I .  THE INFLUENCE OF MOULDING PRESCURE ON 
TFH COMPRESSIVE STRENGTH OF CONCRETE
There appears to  be l i t t l e  exporiment,a l data re la t in g  the 
e f fe c ts  o f moulding pressure on the  compressive s tre n g th  o f 
co ncre te ,. Results o f the more conclusive s tud ies are presented 
in  th is  chapter as w e ll as a d iscuss ion  o f the p r in c ip a l fa c to rs  
de term in ing  the e ffe c tive n e ss  o f moulding concrete under 
pressure.
A. Review o f Past Bxperiment.al S tudies
1. The E ffe c t o f In te n s ity  o f Moulding Pressure 
21,McKibben 1918 presented data from te s ts  in  which 
"the s tre n g th  o f 'o rd in a ry  concre te ' columns made o f 1 :2 :4  
concrete by the standai'd method ■ was compared w ith  the s treng ths 
o f 'compressed concrete ' columns o f id e n t ic a l ly  s im ila r  concrete 
bu t compressed during the process o f moulding; the compressive 
loads va ried  from 25,000 to  40,000 lb .  — th a t is  from l 60 to  
260 lb .  per square inch  o f c ro s s -s e c tio n " . jU.1 columns were 
approxim ate ly 5 fe e t long and 14 in .  i n  d iam eter, and no re ­
inforcem ent was used. The coarse aggregate was a crushed 
lim estone o f e xce lle n t q u a l i ty  and maximum size o f 1 l / 2  in .
Each compressed concrete column was moulded in  f iv e  la y e rs , each 
la y e r  being about 12 in .  deep, and as each was placed in  the 
form  a pressure was app lied  to  the upi%i" surface o f the concrete 
by means o f a p lunger. Pressure was allowed to  remain on each 
successive la y e r fo r  a few m inutes. ResvO.ts o f the te s ts  are
33
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presented g ra p h ic a lly  in  f i g . 12' which shows the re la t io n s h ip  
between compressive strenp;th and magnitude o f moulding pressure.
3 5 0 0
COLUMNS 2 8  DAYS OLD 
I : 2 : 4  CONCRETE
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F ig . 12 -  E ffe c t o f Compacting Load on S trength  o f Concrete
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S im ila r  s tud ies were conducted by Abrams'^'in 1919 on 6 x  
12 in .  concrete c y lin d e rs . A mix design o f 1 :2 :4  w ith  a nru-d.- 
raur.i aggregate size 1 l/ '2  in .  was a lso  adopted by Abr^ims and 
pressures o f 103 to  500 lb .  per square inch  were obtained by 
p la c in g  the fre s h ly  moulded specinien in  a te s tin g  machine.
For a l l  pressures the tim e  o f a p p lic a tio n  varied  from 15 minutes 
to  16 hours. Abrams reported the compressive s tre n g th  o f concrete 
was increased by pressure applied im m ediate ly a f te r  moulding.
For pressures o f 203 to  500 lb .  per square inch , the  increase 
was 20 to  35 per cent, and the a p p lic a t io n  o f pressure increased 
th e  s treng th  o f concrete in  accordance w ith  the q u a n tity  o f 
m ix ing water expe lled .
Although both in v e s tig a to rs  recorded increased strengths 
iv ith  the a p p lic a tio n  o f moulding p ressure , i t  is  c le a r th a t 
McKibben’ s data in d ic a te  s u b s ta n t ia lly  h ig he r increases than 
th a t o f Abram's. As pointed out e a r l ie r ,  however, re s u lts  o f 
s tre n g th  te s ts  are not re a d ily  comparable u n t i l  cons ide ra tion  
has been g iven to  o th e r fa c to rs  which may s ig n i f ic a n t ly  a ffe c t 
u lt im a te  compressive s tre ng ths .
Results o f a more d e ta ile d  in v e s t ig a tio n  were presented 
in  1937 by Evans and Wood°* in  which te s t  specimens were made 
f o r  loads o f 1,000, 2,000, 5,000, 10,000, 20,000, 35,000 and
60,000 lb .  corresponding to  moulding pressures o f 313, 637,
1,590, 3,130, 6,370, 11,130 and 19,080 lb .  per square in ch .
35
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The cu ring  pe riod  adopted was one day in  a i r  fo llow ed  by 
t l i i r t e e n  days in  damp sand. The re s u lts  obtained w ith  a 
1 :2 :4  mix, using 3 /8  inch  sandstone aggregate are reproduced 
in  f i g . 13?*
4 0 0 0
3 0 0 0
H 2000
œ 1000 1. DRY M IX , W/C = .75
2. WET M IX , W/C = .95 
  HAND RAMMED
4000 16,000 20,00012,0008000O
MOULDING PRESSURE, RS.I.
F ig . 13 -  E ffe c t o f Moulding Pressure on C rus liiiig  S trength  
o f 1 :2 :4  Concrete (3 /8 "  Sandstone Aggregate)
Again i t  is  c le a r th a t w ith  moderate moulding pressures the  
compressive s tre n g th  obtained i s  g rea te r than th a t produced 
by ordinaigy" moulding methods, and the  e ffe c t o f h igh  water 
content is  to  increase the  s tre n g th  o f the  concrete ra th e r  than 
decrease i t .  From f ig J 3   ^ i t  i s  seen th a t fo r  moulding
36
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pressures g re a te r than about 3,000 to  4,000 lb .  per square inch , 
depending upon the  wetness o f the mix, the compressive s treng th  
decreases w ith  an increase in  moulding pressure. The pressure 
at which s treng ths  begin to  f a l l  a lso  va rie s  w ith  the water 
con ten t. The c r i t i c a l  pressure in  the case o f the d ry  mix was 
about 3,000 lb .  per square in ch , and in  the case o f the wet mix 
i t  was about 6,000 lb .  pe r square inch . From th e i r  in v e s t ig a tio n , 
Evans and Moore concluded th a t much depends upon the wetness o f 
the  m ix, and although a pressure o f 2 tons per square inch may be 
app lied  to  a wet and w e ll graded mix, a pressure o f  1 ton  per 
square inch  o r even less  would produce sa tis fa c to r;,r re s u lts .
2 , E ffe c t o f D ura tion  o f  Moulding Pressure
I t  appears th a t ve ry  l i t t l e  te c h n ic a l data re la t in g  to
the e ffe c ts  o f d u ra tio n  o f moulding pressure is  a v a ila b le .
21McKibben, ' i n  in v e s t ig a tin g  the  e ffe c t o f va rious magnitudes o f 
moulding pressure on compressive s treng th  s ta ted  th a t pressures 
were app lied  f o r  a 'few  m inutes ' and no attempt was made to  
analyze the e ffe c t o f d u ra tio n  o f moulding pressure. Evans and 
Wood reported th a t the load was applied a t the normal ra te  
customary in  te s tin g  machines and removed im m ediately the de­
s ire d  load had been reached. L im ited  data was presented by 
1
Abrams " in  1919 which showed th a t  d u ra tio n  o f pressure as be­
tween 15 minutes and l6  hours produced no d iffe re n ce  in  
s tre n g th , i . e . ,  s treng th  increases due to  pressure mou].ding were 
not changed when pressure d u ra tio n  tim e was va ried  between 15 
minutes and 16 hours. S u f f ic ie n t  data re la t in g  the e f fe c t  o f 
sm a lle r du ra tions o f moulding pressure on compressive s tre n g th  
is  la c k in g .
37
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3. E ffe c t o f Moulding; Pressure on D ensity  and Watcr-Ccizent R :;tio 
/ui exaroiaation o f the d o iis ity  o f prossuix;-mado specimens by 
Evans and Wood'^' showed th a t d ens ity  increases w ith  increas ing  
jnouLil.ng pressure. I t  was a lso noted th a t "the use o f too l i t t l e  
water would b« e:q:>ccted to  re s u lt  in  the p a r t ic le s  o f aggregate 
no t being s u f f ic ie n t ly  w e ll lu b r ic a te d  to consolidate  themselves 
in  such a manner as to  g ive  a concrete o f maximum d e n s ity " .
Data was presented as evidence th a t under a ce rta in  moulding 
pressure, d e n s ity  decreases w ith  a decrease in  the watcr-cement 
r a t io .  According to  Evans and V/ood^*, " I t  is  also possib le th a t 
the a p p lic a tio n  o f pressure fo rces  the water in to  more in tim a te  
con tact w ith  the cement p a r t ic le s ,  as i t  must be d i f f i c u l t  f o r  
each cement p a r t ic le  to  rece ive the amount o f  water necessary 
fo r  h yd ra tion ; the  a p p lic a tio n  o f i n i t i a l  pressure, in  fo rc in g  
the w ater in to  more in tim a te  con tact vd th  the cement p a r t ic le s  
could a lso compress the newly formed g e l" .
V /ith regard to  the e ffe c t o f moulding pressure on w atcr- 
cement r a t io ,  Evans and Vfood^’ noted th a t "constant moulding 
pressures o f 637, 1,590, 6,370 and 19,080 lb .  per square inch  
leave approxim ate ly the sane amount o f water in  both wet and 
semi-wet m ixes". However, in  the  case o f extrem ely wet and 
extrem ely d ry  mixes, i t  was observed th a t a f te r  the a p p lic a tio n  
o f moulding pressure, specimens made from the i n i t i a l l y  very 
wet mix had a low er water content than those prepared from the 
extrem ely d ry m ix. "The reason f o r  th is  apparent d iscrepancy",
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as suggested by Evans and Wood^? "is that the wetter mix con­
solidates more easily under pressure and that its use results 
in a denser mix such that the expelled water has less voids to 
fill before it ultimately appears on the external surface of the 
specimens",
A steady reduction in the water-cement ratio of concrete 
with the application of moulding pressure was also reported by 
Abrams "The application of pressure increased the strength 
of concrete in accordance with the quantity of mixing water 
expelled".
C. Factors Determining the Effectiveness of Moulding Concrete 
Under Pressure 
On breaking up some of the freshly made specimens, Evans 
and Wood^" found that the coarse aggregate, (a sandstone gravel) 
was being crushed when subjected to pressures above some critical 
value and that at the highest moulding pressures, practically all 
the sandstone pebbles had been fractured. "The exact pressure at 
which crushing of the gravel can be definitely observed is 
difficult to determine as the cracks are at first more in the 
nature of hair-line cracks than clear fractures". The form of 
the curves in fig, 13 can thus be easily explained when it is 
known that the gravel is being crushed more and more with in­
creasing moulding pressure.
It would be expected then, that with pressure moulding, a 
better quality of aggregate would result in higher compressive
Q
strengths, and data presented by Evans and Wood for a similar
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1 :2 :4  mix bu t w ith  3 /8  in .  L e ic e s te r g ra n ite  as coarse aggregate 
tend to  con firm  th is ,  i . e . ,  compressive s tre ng ths  were increased 
and peak values corresponded to  h ig h e r moulding pressures. In  
another se ries  o f te s ts  the coarse aggregate consisted o f l / 4  in .  
and 3 /8  in ,  L e ic e s te r g ra n ite , which were used w ith  the o b je c t 
o f im proving the grading and o b ta in in g  the  densest m ix. "Com­
press ive  s treng ths  were again s l ig h t ly  increased , bu t the g ra n ite  
aggregate continued to  be damaged under the h igh e r moulding 
p re ssu re s ." I t  was a lso  s ta ted  th a t ,  "There is  no 'autogenous 
h e a lin g ' o f the fra c tu re s  in  the  coarse aggregate in  v ir tu e  o f 
the  cement p a r t ic le s  being fo rced  in to  the c ra cks ."
I t  seems reasonable to  assume th a t the re  is  a s p e c if ic  
g rad ing  o f the  concrete m a te r ia ls  which would produce the best 
re s u lt  fo r  each maximum s ize  o f aggregate and th a t  each grading 
o f the  m a te ria ls  would have i t s  own best water con ten t, a lthough 
ex])erim enta l evidence o f t l i i s  i s  not a v a ila b le " .
In fo rm a tion  concerning the  r e la t io n  between applied pressure 
and the  pressing time requ ired  to  produce s a t is fa c to ry  re s u lts  
i s  a lso  la c k in g . I t  is  though t, however, th a t  mix grading and 
drainage area s ig n i f ic a n t ly  a f fe c t  the pressing tim e requ ired .
I t  i s  c le a r , however, th a t the amount o f water l e f t  in  the 
specimen a f te r  pressing is  c r i t i c a l .  As discussed e a r l ie r ,  i f  
the  water cement ra t io  o f the  mix is  le ss  than about 0.38 by 
w e igh t, complete hyd ra tion  is  not p oss ib le  as the  volume 
a v a ila b le  is  in s u f f ic ie n t  to  accommodate a l l  the products o f 
h y d ra tio n . I t  is  d i f f i c u l t  to  p re d ic t the  e f fe c t  o f pressures
40
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on s treng th  i f  the f in a l  water-cement r a t io  a f te r  pressing is  
below 0.38 although i t  is  now known th a t unhydrated cement is  
not n e ce ssa rily  d e trim e n ta l to  s treng th .
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IV . EZTERÜZiT.AL PÎDGEAIÎ-ÎE
The main experim ent:!! programme was ca rr ie d  out to  determine 
the e ffe c tive n e ss  o f moulding pressure w ith  and w ithou t concurrent 
v ib ra t io n  in  inc reas ing  the compressive s tre n g th  o f concrete. In  
a d d itio n , two supplementary programmes were inc luded —  ( l )  to  study 
the e ffe c t o f pressure d u ra tio n  on compressive s tre n g th  and (2 ) to  
study the  e ffe c t on s treng th  o f moulding in  two and th ree  la y e rs .
The various fa c to rs  considered in  fo rm u la tin g  the experim ental 
programmes were d e a lt w ith  as fo llo w s :
A. Main £>my-riemental Pro.~r,amma
1. In te n s ity  o f Moulding Pressure
A fte r  some p re lim in a ry  s tu d ie s , i t  was decided th a t 
moulding pressures o f 1,000 and 3,000 lb s .  per square inch  would 
be employed to  study the e f fe c t  o f moulding pressure in te n s ity  on 
s tre n g th . For each pressure in te n s ity ,  specimens wore moulded both 
w ith  and w ithou t a d d it io n a l v ib ra t io n  under pressure, so th a t a l­
though o n ly  two d if fe re n t  moulding pressures were invo lve d , fo u r  
d if fe re n t  cases could be s tud ied .
2. D ura tion  o f Moulding Pressure
Pressures were applied a t a ra te  which would perm it 
maximum pressure to  be reached in  t h i r t y  seconds; th e re a fte r , 
maximum, pressures were held fo r  1 l / 2  m inutes.
3. Ran ye o f I7a,ter-Gemcnt Ratios
Water-cement ra t io s  o f 0.35, 0.40, 0.45 and 0.50 were 
inc luded in  the main programme.
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4. Test Ages
Specimens were provided f o r  compression te s t in g  a t the 
7 and 28 day ages f o r  th is  s tudy.
B. Supplementary Pro:;ramrne (l)
1. In te n s ity  o f Kou].ding Pressure
To s tudy the e f fe c t  o f d u ra tio n  o f moulding pressure on 
s tre n g th , i t  was decided to  cast specimens under a s in g le  moulding 
pressure o f 3,000 lb s .  pe r square inch , w h ile  va ry ing  the tim e 
during which the  pressure was app lied- Specimens were moulded both 
w ith  and w ithou t a d d it io n a l v ib ra t io n  under pressure so th a t the 
e f fe c t  o f concurrent v ib ra t io n  could be s tud ied .
2 . D uration o f Moulding Pressure
The maximum moulding pressure was reached in  t h i r t y  
seconds and held fo r  th e  fo llo w in g  periods o f tim e : 15 seconds,
1 m inute, 2 minutes and 5 m inutes.
3 . Ranae o f V/ater-Cement Ratios
A l l  specimens cast f o r  th is  study had a water-cement r a t io
o f 0 .40.
4. Test Aire
In  studying th e  e f fe c t  o f pressure d u ra tio n , a l l  specimens 
were te s te d  at the 28 day age.
C. Supplementary Programme (2 )
1. In te n s ity  o f Moulding Pressure
To determine the e f fe c t  on compressive s treng th  o f 
moulding in  two and th ree  la ,re rs  (bu t w itho u t any i n i t i a l  rodding 
o r v ib ra t io n )  specimens were again cast under ■ moulding pressures
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of 1,000 and 3,000 lbs, per square inch. The pressure was 
applied to the top of each layer as it was placed in the 
mould and none of the specimens in this study received addi­
tional vibration under pressure,
2, Duration of Moulding Pressure
Pressures were applied to each layer at a rate which 
allowed maximum pressure to be reached in thirty seconds and 
thereafter, each layer remained under pressure for thirty 
seconds,
3, Range of Water-Cement Ratios
All specimens moulded in two or three layers had a 
water-cement ratio of 0,40.
4» Test Age
In this study only 28 day test specimens were provided.
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V. SQÎIIPMEKT ADD MATERIALS
A m
1. M ixing App.'i.ratus
Two concrGte m ixers were used, a sm all one f o r  use in  
p re lim in a ry  s tud ies  and a large one fo r  the main programme. The 
sm a lle r m ixer was a B lakeslee th ree  speed, bench model tjy-pe in  
accordance w ith  A. S. T. M. C305 and A. A. S. II. 0. T-162 which 
is  commonly used f o r  rnmcing small batches in  concrete la b o ra to r ie s , 
(see f i g .  14 ). I t  is  fu rn ished w ith  a 20 quart s ta in le s s  s te e l 
bow l, f l a t  beater md l / 3  H. P. s in g le  phase motor. Tlie la rg e r 
m ixer was manufactured by S o ilte s t Inco rpora ted . I t  has a 1 l / 2  
cubic fo o t mix cap ac ity  and is  powered by a l / 3  H. P. e le c t r ic  
motor s u ita b le  f o r  220 v o lt ,  60 cyc le , 3 phase AC o p e ra tio n ..
2, Specimen Moulds
Two types o f moulds vjere used in  the programme:
Standard-mo ul.ded specimens were formed in  moulds made from 
Cold-drawn, seamless s te e l p ipe , equipped w ith  m eta l base 
p la te  and conforming to  A. S. Ï .  M. S p e c if ic a tio n  0192-627,
(see f ig .  15 ). F le x ib le  rubber c o lla rs  were provided which 
could be f i t t e d  to  the top o f the  mould to aid in  the f i l l i n g  
ope ra tion . The pressure-moulded specimens were formed in  
moulds o f s l ig l i t l y  heavier gaged s te e l,  supp lied  w ith  per­
fo ra ted  s te e l base p la tes  to  perm it drainage o f water during
45
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%
F ig . 14. -  B lakeslee 20 Quart Capacity M ixe r.
mm
K K w J V X W l  i t  : '
' ,
'  : ; : ' 1
0 : # / y
W M t / ' J  , .
F ig . 15. -  A ir-opera ted  V ib ra to r  (ce n tre ) and 
Specimen lioiulds w it ’n F le x ib le  C o lla r  ( l e f t )  and 
P erfo ra ted  Base P la te  w ith  ?ol;/propylonc F i l t e r  
In s e r t ( r ig h t ) .
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the a p p lic a tio n  o f pressure. Polypropylene f i l t e r  c lo th  was 
placed in  the bottom  o f the moulds to  prevent the  escape of 
f in e  cement p a r t ic le s  (see f i g .  15).
3 . V ib ra t in g  Equipment
V ib ra t io n  o f specimens p r io r  to  the a p p lic a t io n  o f 
moulding pressure was accomplished on a v ib ra t in g  ta b le , manu­
fac tu re d  by S o i lte s t  In co ip o ra te d . The m o to rv ib ra to r, model 
Ü. S. 450, was supplied by V ibro  Inco rpora ted , and generated 
3,600 v ib ra t io n s  per minute a t a frequency o f 9,000 c .p .s .
(see f i g .  l 6 ) .  For specimens re ce iv in g  a d d it io n a l v ib ra t io n  
under pressure, a sm a lle r a ir-o p e ra te d  v ib ra to r ,  manufactured 
by the N orthern  V ib ra to r  M anufacturing Company (see f i g .  15) 
was adapted to  f i t  lo o s e ly  around the specimen moulds w h ile  the 
pressure was be ing app lied . I t s  frequency a t an opera ting
pressure o f 80 p . s . i .  was 15,000 c .p .s .
4 . Pre ssure-Moulding Apparatus
In  app ly ing  pressures to  the fre s h  concrete in  the 
moulds, the  arrangement shown in  f i g .  17 was employed. I t s  
fu n c t io n a l p a rts  are a 30 ton  cap ac ity  ' Blackhawk' h yd ra u lic  
ja ck  and a ho llow  tu b u la r sec tion  o f m ild  s te e l having a 1 in ch  
th ic k  c ir c u la r  s te e l base o f d iam eter s l ig h t ly  le s s  than th a t 
o f the moulds, welded to  i t s  fre e  end. The mould o f fre sh
concrete is  centered on the ja c k  and as i t  is  ra ised  the
disc-shaped s te e l base o f the tu b u la r sec tion  extends s l ig h t ly  
in to  the mould compressing the concrete. The base o f  th is
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F ig . 1 6 .  -  V ib ra tin g  Table and ( p a r t ia l ly  
concealed) M o to rv ib ra to r.
1 ' __ I
F ig . 17. -  Pressure Moulding Apparatus w ith  
Specimen Mou].-! in  P o s itio n .
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component has been perfo ra ted  to  perm it drainage o f water 
during the a p p lica tio n  o f pressure and Polypropylene f i l t e r  
c lo th  is  a lso used to  prevent the loss o f  f in e  cement p a r t ic le s .
B. M a te ria ls
1 . Cement
The cement used fo r  the concrete mixes was Lake 
O ntario  Tj/pe 1 Portland cement. P roperties  o f the  cement are 
g iven  in  Appendix A.
2. Fine Aggregate
P aris  sand meeting the A. S. T. M. requirements fo r  
concrete sand was employed as a f in e  aggregate. I t s  p rope rtie s  
are l is te d  in  Appendix A.
3 . Coarse Aggregate
The coarse aggregate employed f o r  th is  study was a 
dundas dolom ite o f maximum size 3 /8 " ,  conforming to  A. S. T. M. 
S p e c if ic a tio n s  f o r  concrete aggregates. P hys ica l p ro p e rtie s  o f 
the aggregate may be found in  Appendix A.
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VI. EXPERIMENTAL PROCEDURES
A. Design o f Mixes
The A. C. I .  method f o r  design o f concrete mixes was used 
to  design mixes fo r  each o f th e  water-cement ra t io s  0.35, 0.40,
0 .45, and 0.50. For each water-cement r a t io ,  severa l mixes 
having d if fe re n t  w ater contents were prepared and 5 specimens 
from each mix were provided f o r  7 day compressive s treng th  te s ts .  
R esults o f the te s ts  were p lo tte d  aga inst w ater content o f the 
mix and in  th is  way the optimum w ater content f o r  maximum 
s tre n g th  could be determined f o r  each water-cement r a t io  in  the 
programme. I t  was found th a t mixes vn.th a water content o f 44 
g a l/y d  provided specimens o f maximum s tre n g th  f o r  the range o f 
water-cement ra t io s  considered. Although s l ig h t ly  h ighe r strengths 
f o r  th e  m ix w ith  water-cement r a t io  -  0.35 could be achieved, 
w ith  a s l ig h t  increase in  water con ten t, i t  was f e l t  th a t there 
was some advantage in  adopting a s in g le  w ater content f o r  a l l  
m ixes.
MLx p roportions and cement fa c to rs  o f the fo u r  mixes are 
g iven in  ta b le  2. The fig u re s  shown represen t the amount o f  
m a te ria ls  added to  the  m ixer to  y ie ld  10 specimens per batch 
p lus a sm all allowance fo r  waste.
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Tabic 2 -  Mix P roportions
Batch Q uan titie s  ( lb s . )
Component W/C -  .50 W/t = .45 w/c = .40 W/C -  .35
Cement 9.76 10.86 12.26 13.96
Water 4.88 4.88 4.88 4.88
Coarse
Aggregate 13.52 13.52 13.52 13.52
Fine
Aggregate 23.60 22.64 21.40 20.00
Cement
Factor
(s k ./y d ^ )
8.36 9.30 10.48 11.95
B. Moulding and Compaction
The ten  3 " x  6 " c y lin d e rs  moulded from  each batch provided 
two cy lin d e rs  pe r te s t  age used in  the  exiieriment (7 and 28 days); 
each o f the 10 specimens were moulded in  th e  standard manner 
according to  A. S. T. M. procedures and e ig h t o f the te n  speci­
mens then received a d d it io n a l treatm ent under pressure (the  o n ly  
exception being those specimens which were moulded under pressure 
in  two aiid th ree  la y e rs , fo r  which case the i n i t i a l  standard 
moulding procedure was o m itte d ).
In  moulding specimens by th e  standard method, the  concrete 
was placed in  3 la ye rs  in  the cy lin d e rs  and a f te r  each la y e r 
was p laced, the  concrete was tamped 25 tim es w ith  a standard
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tarnrdng rod. The f i l l i n g  opera tion  took approxim ately 10 minutes 
and a f te r  the  moulds were f i l l e d ,  they were placed on tlie  v ib ra ­
t in g  ta b le  f o r  10 m inutes. Moulding under pressure o f the  speci­
mens took p lace im m ediate ly .a fte r they had boon removed from the 
v ib ra t in g  ta b le .
In  a l l ,  33 batches o r  330 specimens were provided fo r  th is  
programme.
C. Specimen D ensity  and C a lcu la tio n  of f i n a l  water-cement ra t io  
Inuncdiate ly before the specimens were te s te d , surface d ry  
weights and specimen dimensions were recorded to  perm it d e n s ity  
c a lc u la tio n s  to  be made. F in a l water-cement ra tio s  fo r  specimens 
moulded under pressure were determined as fo llo w s : Im m ediately
before the  specimens were subjected to  moulding pressure, the 
weight o f the  specimen mould and the fre sh  concrete was ■ re ­
corded. iV fte r pressure had been applied to  the specimen, the 
weigfit o f the  mould and the  concrete was again determ ined. The 
d iffe re n ce  in  weight represents the  amount o f  water lo s t  by the 
specimen during  the  a p p lic a tio n  o f moulding pressure, ( i t  i s  
possib le  th a t f in e  cement p a r t ic le s  may have a lso  been lo s t  bu t 
since the  w ater expelled was c le a r, th is  e f fe c t  was neglected; 
al.so the use o f the polypropylene f i l t e r  c lo th  was tho iq;ht to  
m iniriiize th is  p o s s ib i l i t y . )  S ince the  i n i t i a l  m oisture content 
o f the specimen was predeterm ined, i t s  f in a l  water content could 
then be c a lcu la te d . The cement content o f the specimen was also 
requ ired  and was ca lcu la b le  experim enta lly  from the batch 
q u a n tit ie s  g iven in  ta b le  2. Knowing both the  cement and w ater
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contents o f the specimen, the water-cement r a t io  could be found.
D. Curing and Testing Specimens
Immediately a f te r  the specimens were cast in  the moulds, the 
moulds were covered w ith  damp bu rla p  bags fo r  24 hours. The 
specimens were then s tripped  from the  moulds and placed in  the 
cu ring  tank to  be wet cured under standard la b o ra to ry  cond itions  
(70°F Î  6°F) f o r  the remainder o f the cu ring  period (7 o r 28 days) 
Specimens were removed from  the  cu ring  tank 2 hours p r io r  to  
te s tin g  and capped w ith  a molten su lphur m ix tu re  in  accordance 
w ith  A. S. T. M. S p e c if ic a tio n  0192. The compressive s treng th  
o f the capping compound was g iven to  be 10,000 lb s .  per square 
in c h . A l l  te s t in g  was performed on a 300,000 lb s .  Tinus Olsen 
te s t in g  machine equipped w ith  s p h e r ic a lly  seated bearing b lo cks .
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V I I .  DISCUSSION OF RESULTS
The re s u lts  o f the experim ental s tud ies  are presented in  
ta b le s  3, k) 5 and 6 and fig u re s  18 to  34, a l l  o f which can be 
found a t the end o f th is  chapter. Mean compressive s treng ths  
fo r  standard and pressure moulded specimens are reported  and 
analyzed s t a t i s t i c a l ly  to  determ ine i f  d iffe re n ce s  are s ig n if ic a n t .  
For specimens moulded under pressure (except those moulded in  two 
and th ree  la y e rs ) f in a l  values o f water-cement r a t io  have been 
ca lcu la te d  and f o r  a l l  specimens mean values o f d e n s ity  have been 
shown. In  f ig u re s  18 to  34 each p o in t represents the average o f 
s ix  te s ts ,  the o n ly  exceptions being when a te s t  va lue was d is ­
carded f o r  w arrantable reasons.
A. E ffe c t o f  Moulding Pressure In te n s ity  (Main Programme)
1 . In flu ence  on Compressive Strength
From fig u re s  18 to  21, i t  can be seen th a t s ig n if ic a n t  
s tre n g th  increases were produced a t the h ighe r water-cement ra t io s ,  
whereas o n ly  sm all increases (o r  in  fa c t ,  decreases) were produced 
a t the low er water-cement ra t io s .  As noted in  f ig u re  13, 7 day 
te s t  specimens having a water-cement r a t io  o f 0.50 and cast under 
moulding pressures o f 1,000 and 3,000 p . s . i .  showed increases in  
compressive s treng th  o f 35.7 and 39.7 percent re s p e c tiv e ly  over the 
standard moulded S))ecimens. For specimens re ce iv in g  a d d it io n a l 
v ib ra t io n  under pressure, the respec tive  increases were 38.6 and 41 
pe rcen t. A l l  o f  the above increases were s ig n if ic a n t  a t the .01 
percent le v e l ,  although i t  should be noted th a t a d d it io n a l v ib ra t io n
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o f the specimens under pressure d id  not produce s ig n if ic a n t  
increases in  s treng th  over those specimens cast under pressure 
w ithou t concurrent v ib ra t io n . A t a water-cement ra t io  o f 0.45 
( f ig u re  19) ,  the percentage increase in  s tre ng th  o f the pressure 
moulded specimens is  seen to  be s l ig h t ly  lo s s  — 20.8 and 25.1 
percent f o r  moulding pressures o f  1,000 and 3,000 p . s . i .  respec­
t i v e ly  in  the  case o f no a d d it io n a l v ib ra t io n  under pressure and 
24.6 and 23. S percent re s p e c tiv e ly  f o r  specimens rece iv ing  addi­
t io n a l  v ib ra t io n  under pressure. Again th roe  o f the increases 
were significant at the ,01 percent level b u t no advantage is  
to  be gained by employing a d d it io n a l v ib ra t io n  under pressure. 
S treng th  increases f o r  the pressure moulded specimens a t a w ater- 
cement r a t io  o f 0 .40 ( f ig u re  20) are seen to  be s t i l l  low er, 
e s p e c ia lly  a t the  low er moulding pressure (1,000 p . s . i . ) .  S trength 
increases o f 12 and 30 percent were recorded f o r  moulding pressures 
o f 1,000 and 3,000 p . s . i .  re s p e c t iv e ly  in  the case o f  no a d d it io n a l 
v ib ra t io n  under pressure and 8.2 and 24.9 percent re s p e c tiv e ly  f o r  
specimens re ce iv in g  a d d it io n a l v ib ra t io n  under pressure . At th is  
value o f watcr-cement r a t io ,  concurrent v ib ra t io n  under pressure 
re su lte d  in  low er s treng ths than were obta ined in  the  case where 
no a d d it io n a l v ib ra t io n  under pressure was employed, although the 
d iffe re n c e s  were no t s ig n i f ic a n t .  At the  low est water-cement 
r a t io  ( 0 .35) o n ly  the  h ighe r moulding pressure (3,000 p . s . i . )  was 
e f fe c t iv e  in  inc re a s ing  streng ths beyond those obtained by standard 
moulding methods, and o n ly  fo r  the case o f a d d itio n a l v ib ra t io n  
under pressure was the  increase over the  standard moulded specimens
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s ig n if ic a n t  a t the 10 percent le v e l ( f ig u re  21 ), At the lower 
moulding pressure (1,000 p . s . i . )  s treng th  decreases were produced; 
both s tren g th  decreases recorded f o r  the  lower pressure were s ig ­
n if ic a n t  a t the 10 percent le v e l.
The re s u lts  obtained f o r  the 28 day te s t  specimens are a lso 
found in  f ig u re s  18 to  21 and, as can be seen, a s im ila r  trend  is  
d is c e rn ib le , i . e . ,  the e ffec tiveness  o f moulding pressure in  in ­
creasing the compressive s treng th  o f concrete is  decreased w ith  
decreasing values o f water-cement r a t io .  For water-cement ra t io s  
o f 0.50 and 0 .45 , s treng th  increases (over standard specimens) at 
both moulding pressures were s ig n if ic a n t  a t the .01 percent le v e l 
fo r  the case o f no a d d it io n a l v ib ra t io n  under pressure as w e ll as 
fo r  a d d it io n a l v ib ra t io n  under pressure. At the low er water-cement 
ra t io s  (0 .40  and 0 .3 5 ), some s tre n g th  decreases were recorded and 
th e i r  le v e l o f  s ig n ific a n c e  may be found in  ta b le  4» Decreased 
streng ths o f the 1,000 p . s . i .  pressure moulded specimens a t t te  
low  watcr-cement ra t io s  may be a t t r ib u te d , in  p a rt, to  the fa c t  th a t 
a f te r  the a p p lic a tio n  o f moulding pressure, the f in a l  water-cement 
ra t io  o f the specimen is  below the th e o re t ic a l ly  requ ired  minimum 
value o f  0 .38 , necessary fo r  complete hyd ra tion  o f  the cement; the 
h igher s treng ths  produced by the 3,000 p . s . i .  pressure could be 
due to  b e t te r  compaction.
In  fig u re s  22 and 23 the re la t io n s h ip  between compressive 
s treng th  and water-cement r a t io  f o r  s ta n d a ri and pressure moulded 
specimens is  shown f o r  the two te s t ages. As can be seen, t ’ne 
inverse  re la t io n s h ip  between compressive s treng th  and water-cement
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r a t io  as s ta te d  by Abrams is  v a lid  f o r  the standard moulded 
specimens; the 23 day te s t  specimens a lso show the c h a ra c te ris ­
t i c  f a l l i n g  o f f  in  s treng th  a t the low er water-cement ra t io s  due 
to  incom plete compaction. The inverse re la t io n s h ip  estab lished 
by Abrams does n o t, however, appear to  be v a lid  in  the  case o f the 
pressure moulded specimens. An exam ination o f the f ig u re s  would 
seem to  in d ic a te  th a t the re la t io n s h ip  between compressive s treng th  
and water-cement r a t io  f o r  the pressure moulded specimens is  no t 
unique, b u t a fu n c tio n  o f  o th e r va r ia b le s  which must be known 
before the  exact form  o f the re la t io n s h ip  can be e s ta b lish e d . For 
example, the d if fe re n t  in te n s i ty  o f moulding pressures is  respon­
s ib le  fo r  the fa m ily  o f  curves obtained in  both  f ig u re s  22 and 23. 
The e f fe c t  o f moulding pressure in te n s i ty  is  e s p e c ia lly  noteworthy 
in  the  range o f th e  low er water-cement ra t io s  where o n ly  the h ighe r 
moulding pressures gave increased s treng ths  over the standard 
moulded specimens.
2 . E ffe c t on F in a l Water-Cement R atio
The i n i t i a l  and f in a l  values o f water-cement r a t io  f o r  
specimens moulded under pressure are presented f o r  both th.e 7 and 23 
day te s t  specimens in  f ig u re s  24 and 25. I t  can be seen th a t f o r  a 
constant moulding pressure, more water w i l l  be expelled from those 
r.ixes having the  h ighes t i n i t i a l  water-cement r a t io .  However, i t  
should be noted th a t th is  re s u lt  is  not com ple te ly  in  agreement 
vdth th a t found by Evans and Wood^* who re p o rted , " In  the case of 
extrem ely wet and d ry  m ixes, i t  v;as observed th a t a f te r  the app lica ­
t io n  o f mould5.ng pressure, specimens made from the  i n i t i a l l y  very
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wot mix had a low er water content than those prepared from the 
extrem ely d ry  m ix ."
The fig u re s  a lso show th a t in  no case was moulding pressure 
alone more e f fe c t iv e  in  e lim in a tin g  w ater fix>ra the mix than was 
pressure accompanied by v ib ra t io n .
As noted b e fo re , the f in a l  water-cement ra t io  a f te r  pressure 
f o r  specimens hav ing .the  low er i n i t i a l  water-cement r a t io s (0.40 
and 0 .35) f a l l s  below the th e o re t ic a l va lue o f 0.38 necessary fo r  
complete h yd ra tio n  o f the cement.
3» E ffe c t on D ensity
Mean values o f specimen d e n s ity  f o r  both the  pjressure 
moulded and the  standard moulded specimens are sho;m in  tab les  3 
and 4 f o r  both  the 7 and 28 day te s t  specimens. I t  is  seen th a t 
f o r  the fo u r  water-cement ra t io s  in  the programme, the d e ns ity  o f 
the pressure-moulded specimens increases w ith  an increase in  
moulding pressure. At a water-cement ra t io  o f 0 .50, f o r  example, 
the  7 da.y te s t  specimens had an average d e n s ity  o f 155 lb s .  per 
cubic fo o t a t a moulding pressure o f 1,000 p . s . i .  and an average 
value o f 157.1 lb s .  per cubic fo o t a t a moulding pressure o f 3,000 
p . s . i . ;  f o r  the case o f a d d it io n a l v ib ra t io n  under pressure, the 
respective  values were 156.0 and 157.2 lb s .  per cubic fo o t.  The 
increase in  aveivage specimen d e n s ity  w ith  inc re a s ing  moulding 
pressure was found to  be c h a ra c te r is t ic  o f both the  7 and 28 te s t  
specimens a t each o f the fo u r water-cement ra t io s  in  the programme. 
However, the e f fe c t  o f concurrent v ib ra t io n  a t a g iven moulding
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pressure d id  not always re s u lt  in  h igher d e n s itie s  than could be 
obtained by moulding w it lic u t a d d it io n a l v ib ra t io n  under pressure. 
For example, 7 day te s t  specimens having an i n i t i a l  water-cement 
ra t io  o f 0.45 and cast under a moulding pressure o f 3,000 p . s . i .  
had an average d e n s ity  o f 157*6 lb s .  per cubic fo o t in  the case 
o f no a d d it io n a l v ib ra t io n  under pressure and an average value o f 
157.4 when a d d it io n a l v ib ra t io n  under pressure was employed.
However, as shown in  f ig u re s  26 to  29 when the mean d e n s itie s  o f the 
7 and 23 day te s t  specimens were averaged and p lo tte d  against 
mouldi.ng pressure, a d d it io n a l v ib ra t io n  under pressure led  to  
h ighe r d e ns itie s  fo r  th ree  o f the fo u r v/ater-cemcnt ra t io s .
F igure 30 shows the re la t io n s h ip  between d e n s ity  and w ater- 
cement ra t io  f o r  both  the standard and pressure-moulded specimens. 
C on tra ry  to  the f in d in g s  o f Evans and Wood* *^ f o r  a constant moulding 
pressure , the d e n s ity  increased f o r  decreasing values o f w ater- 
cement r a t io .  However, s iro e  th is  behaviour was a lso c h a ra c te r is t ic  
o f t lie  standard-moulded specimens, i t  is  f e l t  th a t the res 'u lts  ob­
ta in ed  do in d ic a te  a v a lid  re la t io n s h ip  f o r  the  pressure moulded 
specimens.
B. lioul.ding Pressure Duration Studies (Supplementary Frograrmie 1. )
1. Effect on Compressive Strength
Kean compressive s treng ths fo r  specimens having aai 
i n i t i a l  water-cement r a t io  o f 0.40 and cast under a moulding 
pressure o f 3,000 p . s . i .  a t pressure d u ra tions  rapping from 15 
seconds to  5 minutes arc shown in  f ig u re  31. As can be seen, the 
compressive s treng th  is  increased on].y s l ig h t ly  f o r  pressure dura­
tio n s  up to  1 m inute, hu t at a d u ra tio n  o f  1 l / 2  m inutes, the
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streng th  is  cons iderab ly  h ig lic r , showing the h ighest increase 
over the standai’d moulded specimens. As the du ra tio n  tim e is  
increased up to  5 m inutes, the s tre ng th  le v e l f a l ls  o f f  s l ig h t ly .  
The increases a t pressure dura tions o f 1 l / 2 ,  2 and 5 minutes 
were s ig n if ic a n t  a t the .01 j« rc e n t le v e l f o r  the case o f addi­
t io n a l v ib ra t io n  under p ressure , b u t when pressure alone was 
employed, o n ly  the increase a t a du ra tio n  of 1 l / 2  minutes was 
s ig n if ic a n t  to  th is  le v e l,  the increases at du ra tions o f 2 and 5 
minutes being s ig n if ic a n t  at the .05/2 le v e l.
The re la t io n s h ip  obtained between pressure d u ra tio n  and 
compressive s treng th  suggests th a t f o r  a p a r t ic u la r  mix design, 
there is  a p a r t ic u la r  du ra tio n  o f moulding pressure which w i l l  
produce the be s t re s u lts .  The grading o f the mix and hence i t s  
p e rm e a b ility  would then be expected to  a f fe c t  s ig n i f ic a n t ly  the 
duration  tim e requ ired  fo r  optimum streng ths.
2. E ffe c t on D ens ity
The d e n s ity  o f specimens having a water-cement r a t io  o f
0.40 and cast under a moulding pressure o f 3,000 p . s . i .  f o r  vary­
ing  tim e du ra tions  is  shown g ra p h ic a lly  in  f ig u re  32. For speci­
mens cast under pressure w itho u t concurrent v ib ra t io n , f ig u re  32 
ind ica te s  th a t there  is  an optimum 'p ress in g  tim e* above o r below 
which specimen d e n s itie s  are reduced. I t  is  in te re s t in g  to  note 
th a t maximum d e n s ity  was obta ined, approxim ately, a t a dura tion  
time which provided the h ighest s trengths f o r  concrete o f th is  
p a r t ic u la r  mix (approxim ate ly 1 l / 2  m inutes).
Although i t  i s  le ss  c le a r ly  d is c e rn ib le , a s im ila r  in fluence  
o f pressure d u ra tio n  on specimen d e n s ity  appears to  be character­
i s t i c  o f those specimens which received a d d it io n a l v ib ra t io n  under
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pressure.
C. E ffe c t o f Moulding in  Two and Three Layers (Supplementary
Prograriinie 2 » )
1. In flu e n ce  on S trength
In  f ig u re  33, the  s tre n g th  o f specimens moulded in  two 
and th ree  la y e rs  w itho u t v ib ra t io n  o r rodding is  compared v /ith  
the s tre n g th  o f standard moulded specimens. As can be seen, 
increases o f 1 .8  and 6 .0  percent were obta ined fo r  moulding in  
two laye rs  under pressures o f 1,000 and 3,000 p . s . i .  re s p e c tiv e ly ; 
f o r  moulding in  th ree la y e rs , the  increases were 11.5 and 11.7 
percent re s p e c tiv e ly . Only the increase obtained by moulding in  
th ree la ye rs  a t a pressure o f 3,000 p . s . i .  was found to  be s ta t is ­
t i c a l l y  s ig n if ic a n t  a t the  .05 percent le v e l.
I t  is  in te re s t in g  to  compare the  s tre ng ths  obtained by 
moulding in  two and th ree  la j/e rs  in  th is  supplementary study -with 
those obtained in  the  mai.n programme fo r  pressure moulded speci­
mens (ca s t in  one la y e r)  having the same water-cement r a t io  and 
tes ted  a t the same age (28 days). A compressive s treng th  o f 3,007 
p . s . i .  f o r  a moulding pressure o f  1,000 p . s . i .  (no v ib ra t io n  under 
pressure) was obta ined in  the  main programme, w h ile  in  th is  study 
moulding under the same pressure in te n s ity  resu lted  in  s trengths 
o f 7,522 p . s . i .  f o r  moulding in  two laye rs  and 8,239 p . s . i .  f o r  
moulding in  th ree  la y e rs . For the h igher moulding pressure 
(3,000 p . s . i . )  the respective  values are 9,885 p . s . i .  as compared 
w ith  7,835 p . s . i .  and 8,256. I t  should be pointed ou t, however, 
th a t p r io r  to  the a p p lic a t io n  o f moulding pressure, specimens in  
the main programme were f i r s t  moulded according to  A. S. T. M.
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procedures and then placed on a v ib ra t in g  ta b le  f o r  10 m inutes.
I t  would r'lppear th a t a considerable advantage may be gained by 
the  i n i t i a l  moulding and v ib ra t io n  o f the specimens, which is  
e s p e c ia lly  apparent a t the h igher moulding pressure.
2 , E ffe c t on D ensity
As shoivn in  f ig u re  34, when moulding in  e ith e r  two o r 
th ree  la y e rs , h ig h e r specimen d e n s itie s  ivere obtained a t the 
h igher moulding pressure (3 ,000 p . s . i . ) .  For example, when 
specimens were moulded in  two la y e rs , a moulding pressure o f
1.000 p . s . i ,  re su lted  in  an average value fo r  specimen d e n s ity  
o f 154.8 lb .  pe r cubic fo o t ,  w h ile  f o r  a moulding pressure o f
3.000 p . s . i . ,  an average value o f  158.1 lb s .  per cubic fo o t was 
ob ta ined. I t  can a lso  be seen from  fig u re s  33 and 34, th a t f o r  a 
moulding 'pressure o f 1,000 p . s . i . ,  moulding in  three la ye rs  re ­
su lted  in  both  h ig h e r s treag ths and d e n s itie s  than d id  moulding in  
o n ly  two la y e rs , bu t f o r  a moulding pressure o f 3,000 p . s . i . ,  
moulding in  th ree  laj^ers le d  to  h ighe r s treng ths b u t low er d ens ities
i . e . ,  the d e n s ity  decreased from 158.1 lb s . per cubic fo o t to  157.7 
lb s .  pe r cub ic fo o t .  I t  is  reasonable, however, to  assume th a t 
moulding in  any number of laye rs  under a pressure o f  th is  magnitude 
would re s u lt  in  specimens having a d e n s ity  approaching i t s  maximum 
th e o re t ic a l va lue .
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V I I I .  CONCLUSIONS
On the basis of the results obtained, the following con­
clusions would appear to be warranted:
1, Pressure moulding is very effective in increasing the 
corapressive strength of concrete at the higher waten-ceraent 
ratios. For example, at water-cement ratios of 0,45 and 0,50, 
a moulding pressure of 3,000 p,s,i, resulted in strength in­
creases of 33 and 48 percent respectively over standard moulded 
specimens,
2, At the lower water-cement ratios (0,35 and 0,40) pres­
sure moulding was less effective in increasing strengths and at 
the lowest water-cement ratio significant strength decreases
were produced. For example, a strength decrease significant at the 
,01 percent level was reported for specimens having a water- 
cement ratio of 0,35 and cast under a moulding pressure of 1,000 
p,s.i,
3, Over the range of water-ceiœnt ratios investigated, 
higher strengths were obtained at a moulding pressure of 3,000 
p,s,i, than at a pressure of 1,000 p,s,i,
4, The results indicate that there is a relationship be­
tween the applied pressure and the pressing time required to 
produce optimum strengths. For concrete having a water-cement 
ratio of 0.40, the optimum pressing time was found to be 1 l/2 
minutes.
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5. Concurrent v ib ra t io n  under pressure was found not to  
increase s treng ths s ig n i f ic a n t ly  over those which could be ob­
ta ined  by pressure moulding the  concrete w ithou t concurrent 
v ib ra t io n .
6 . Pressure moulding o f concrete in  2 inch  la y e rs  re s u lts  
in  h ig h e r s treng ths than moulding in  3 in ch  la y e rs .
7. The d e n s ity  o f  pressure-moulded specimens increased
1 ) in  accordance w ith  the magnitude o f the  app lied  pressure and
2) f o r  decreasing values o f water-cement r a t io .
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IX. ESCOMMENDATIONS FOR FUTURE WDRK
In evaluating the effectiveness of moulding pressure in increasing 
the compressive strength of concrete, it has been indicated that the 
initial water-cement ratio of the mix appears to be one of the most 
important single factors affecting the ultimate compressive strength 
of the concrete. This investigation has shown that there may, in 
fact, exist a limiting value of water-cement ratio, below which 
pressure moulding of the concrete would no longer seem warranted.
It should be pointed out, however, that for this investigation only 
4 basic mix designs were used, one for each of the 4 water-cement 
ratios in the programme. Since mix proportions may vary consider­
ably for any one value of water-cement ratio, depending upon the water 
content chosen in the mix design, it is thought that the effect of 
varying the mix proportions (for a given water-cement ratio) should 
be investigated. It is expected that mix proportions and hence 
permeability of the fresh concrete will play a significant role 
in determining the effectiveness of moulding concrete under pressure.
It is also felt that since only 2 intensities of moulding 
pressure were employed in this study, more data should be collected 
relating the effect of pressure moulding intensity on the ultimate 
compressive strength of the concrete.
The basic materials employed for the concrete will undoubtedly 
exert considerable influence on the ultimate compressive strength 
of pressure-moulded concrete. Consequently, it is also felt that 
further investigation is necessary in determining the effect of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
factors such as cement type, maximum aggregate size, and gradation 
and physical characteristics of both fine and coarse aggregate.
The effect of admixtures on the strength of concrete moulded 
under pressure would also appear to warrant considerable study.
By the use of a suitable air-entraining agent, the water require­
ment for a given workability could be reduced and the entrained 
air then eliminated by pressure moulding the concrete. It may be 
that, for a given mix, the final water-cement ratio of the concrete 
after the application of pressure would be lower for the case in 
which the admixture was used and consequently this may lead to 
higher strengths. It would, however, be difficult to predict the 
exact role of admixtures in pressure-moulded concrete without 
undertaking additional studies.
The durability of pressure-moulded specimens as compared 
with those moulded by ordinary methods would certainly seem to 
warrant investigation.
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APPENDIX A 
TABLE 1.








B la ine Fineness
Fineness, sq. cm ./g. 3816
SOUIfDNESS
Autoclave Expansion, Per Cent 0.12%
TIME OF SET, GILLMORE NEEDLE
I n i t i a l ,  h r  : in in . 2:25
F in a l,  h r : ndn, 4:00
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APPENDIX A 
TABLE III 
QUALITY OF PARIS SAND



























Poor particles : Soft marl ;ind micaceous mineral
(mica, chlorite)
Deleterious particles: Soft marl and ironstones
Particles suspected of being deleterious; Brittle marl and 
limonitic calcareous sandstone, rich in limonite.
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APPEÎJDIX A 
TABLE IV .
PROPERTIIXJ OF DUi'DAS DOLOMITE COARSE AGGREGATE
TYPICAL PETROGRAPHIC CHARACTERISTICS*
S tru c tu re : Random, r e la t iv e ly  fre q u e n tly  s t y l o l i t i c ;  vuggy.
Texture; U n ifo rm ly  f in e  grained (m ic ro c ry s ta ll in e ) ,  s in g le
gra ins ( in  various numbers) m e so c rys ta lliue , ra re ly
k ry p to c ry s ta l l in e . Euhedral to  subhedral.
Composition: P a r t ic le s  Dusty Coating
( in  pe rcen t)
Dolomite 99.1 95.9
Quart z (a u tlii genic) .3 1.5
Feldspar x  .3
• Clayey m a te ria l and 
organic m atte r ,4  .7
P y r ite  x  x
L im onite  x  .3
Sulphate .1  .9
Accessory Mi.nerals x  .4
Accessory m inera ls : C hert, amphibole, pyroxene, garne t, z irco n .
X  -  arriounts less  than 0.1 percen t.
C la s s if ic a t io n ; Dolomite
^Provided by Dr. L . D olar-M antuani.
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APPENDIX A 
FIGURE 1
S I E V E  A N A L Y S I S  O F  A G G R E G A T E
T Y L E R  S TA N D A R D  S IE V E  NOS.
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Appendix 3 
Table I I I
*
Test Data. Showing E ffe c t o f Moulding in  Two and Three Layers
Batch Specimen






O tren g th (ps i)
(4/Ft.3)
1 Standaixd method, 10 min. v ib . 7,486 154.6
2 Mid. p ress .=1,000 p . s . i . , 2  la ye rs 5,961 154.1
3 Mid. p ress .=3,000 p . s . i . , 2  la j^ers 8,498 162.1
4 Mid. p re ss .=1,000 p . a . i . ,3 la ye rs 6,245 159.5
27 5 Mid. p ress .=3,000 p . s . i . , 3  laye rs 8,178 160.8
6 S tm dai’d method, 10 min- v ib .
Mid. p ress .=1,000 p . s . i . , 2  laye rs
7,852 155.4
7 7,078 154.7
8 Mid. p ress .-3,000 p . s . i . , 2  la ye rs 7,149 156.8
9 M id. p ress .-1,000 p . s . i . , 3  laye rs 7,487 154.0
10 Mid. nnas C 0 J 0 0 0  -n . S 1 nv-x-i’ c: 1 1
1 standard method, 10 min. v ib . 6,615 154.6
2 Mid. p ress .=1,000 p . s . i . , 2  laye rs 7,522 155.0
3 H id . p ress .=3,000 p . s . i . , 2  la ye rs 7,557 158.2
4 Mid. p ress.=1,000 p . s . i . , 3  layers 8,239 155.0
30 5 Mid. press.=3>000 p . s . i . , 3  laye rs 7,770 157.4
6 Standard method, 10 min. v ib . 5,971 155.0
7 Mid. p ress ,=1,000 p . s . i . , 2  laye rs 6,670 153.8
8 Mid. p re ss .=3,000 p . s . i . , 2  laj^ers 5,996 157.3
9 H id . press.=1,000 p . s . i . , 3  la j/e rs 8,693 157.0
10 Mid. p ress .-3  ,000 n , s , i . . 3  1.avers 7.000 1 ^7.
1 Standai'd method, 10 min. v ib . 8,182 155.0
2 H id. p ress .=1,000 p . s . i . , 2  layers 8,924 155.4
3 M id. p ress.=3,000 p . s . i . , 2  la ye rs 9,544 157.5
4 Mid. p ress .=1,000 p . s . i . , 3  la ye rs 9,846 157.0
33 5 Mid. p ress .-3 ,000 p . s . i . , 3  layers 8,515 157.4
6 Standard method, 10 min. v ib . 8,235 157.9
7 Mid. p ress .=1,000 p . s . i . , 2  laye rs 8,977 155.6
8 Mid. p ress.=3,000 p . s . i . , 2  layers 8,267 156.4
9 M id. p ress .=1,000 p . s . i . , 3 .laye rs 8,924 156.5
10 Mid. r re s s . ” 3.000 n . s . i . , 3  1avers 8.838 155.8
Pressure moulded specimens n e ith e r rodded nor v ib ra ted  p r io r  to  
a p p lic a tio n  o f moulding pressure; no v ib ra t io n  under pressure, 
pressure dw e ll f o r  each la ye r -  1 m in ., in c lu d in g  l / 2  min. to  reach 
maximum pressure.
I l l
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